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Sediment acidification has been shown to negatively impact clams of economic 
importance such as the soft-shell clam, Mya arenaria Linnaeus, 1758, and hard clam, 
Mercenaria mercenaria (Linnaeus, 1758). Effects of sediment acidification on razor clams, 
including the Atlantic jackknife clam Ensis leei M. Huber, 2015, are unknown. E. leei has been 
identified as a species with potential for aquaculture operations on the New England coast. E. 
leei may be resilient to acidification and thus persist in acidified sediments where other clams 
cannot. To this end, the impact of acidified surface sediment on the internal immune capacity of 
adult (mean shell length 17.6 ± 0.9 cm) E. leei at 10°C and 20°C was tested. Surface sediment 
was acidified from pH ~7.2 to ~6.0 using sediment bacteria. Crushed E. leei shell was used to 
keep the surface sediment of the ambient pH groups ~6.8. Hemocytes (circulating blood cells) 
are responsible for carrying out immune functions in bivalves, and thus were the target for 
internal immune capacity assays. Hemocyte parameters measured included cell viability, total 
hemocyte counts, differential hemocyte counts, and phagocytic capacity. A condition index was 
calculated using the wet flesh weight and dry shell weight to assess the physiological condition 
of the clams. In addition, these health parameters were measured in E. leei collected over the 
 
 
course of a year no more than 30 hours after they were taken from the field site for seasonal 
trends in baseline immune capacity. The presence or absence of ripe gonads was also noted in 
these clams. Only total hemocyte count and percent of clams with ripe gonads correlated 
positively with the temperature of the collection site. A 30-day exposure period to the acidified 
sediment kept in recirculating aquaria had no significant impact on any of these parameters. In 
addition, all the clams buried into the sediments of their respective treatments within an hour of 
being placed there. These results indicate that the internal immune capacity of E. leei adults is 
not impacted by acidified surface sediments. Additional work will be needed to determine if 
juvenile E. leei are resilient to acidification as well. 
.
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CHAPTER 1 
 
GENERAL INTRODUCTION 
 
Razor clams are elongate bivalves inhabiting the subtidal and intertidal zones along open 
coastal areas, lagoons, and estuarine habitats (1). They are highly mobile, have thin shells, and 
cannot completely seal off their soft tissue from the outside environment (1). A commonality 
between the many species of razor clams is the growing interest in the bivalve’s potential to 
further its economic value via aquaculture. Commercial razor clam fisheries have shown 
significant fluctuations in landings each year as a function of natural stock fecundity, which are 
inconsistent and unpredictable (2). The inconsistent yield from natural clam beds affects the 
value in shellfish aquaculture around the globe. Grow out methods and technologies in rearing 
razor clams for the worldwide market require a greater understanding of the optimal species-
specific conditions for spawning, growth, and development. Aquaculture development of New 
England’s native razor clam, Ensis leei M. Huber, 2015, is showing steady progress (3) and will 
soon require information on how environmental conditions impact the species. The purpose of 
this chapter is to introduce the reader to E. leei, the major components of the bivalve immune 
system, and the processes driving acidification in Maine’s coastal surface sediments. 
1.1. Biology of Ensis leei 
 
1.1.1. Mobility Mechanisms 
Perhaps the most unique aspect of the biology and ecology of razor clams is their 
mobility. E. leei is capable of burrowing, swimming, and even hopping across the surface of 
exposed sediment. In the Gulf of Maine, the species is most commonly found in shallow subtidal 
areas in sediments that are either sandy or a mix of sand and mud. Razor clams are incredibly 
sensitive to tactile sensations and are fast burrowers when disturbed (1). In an undisturbed state, 
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razor clams reside near the sediment surface at the top of their burrows because they have short 
siphons. The ability to burrow down into the sediment quickly then is crucial to the razor clam’s 
survival. To accomplish this task, the individual pushes its foot down into the sediment and 
flares the tip by filling it with hemolymph (circulatory fluid) (4). The resulting club shape at the 
tip of the foot is used as an anchor. When the clam starts to pull itself towards the anchor, a jet of 
water is shot out from between the mantle and foot into the sediment around the foot. This action 
makes the sediment below the foot softer and easier to navigate. The clam uses this repeated 
motion (rapidly retracting the foot) to fluidize the surrounding sediment, reducing drag during 
burrowing (1). Recently settled juvenile razor clams can migrate rapidly in the current by using 
their byssal thread as a sail. Both juveniles and adults can jump across tidal flats by wrapping 
their foot in circular fashion and quickly straightening it. The shell is relatively light that allows 
for this added mobility at the cost of the added protection most other clams enjoy (1). 
1.1.2. Lifecycle 
 
The reproductive cycle of the razor clam can be broken down into four general phases. 
The sexual resting phase (S0) is followed by: gonad development (S1), maturation (S2), 
spawning (S3), and post spawning gonad exhaustion (S4) at which point spawning ceases and 
gonadal tissue atrophies or is resorbed (5). An understanding of razor clam reproduction is 
crucial for successful farming initiatives. The literature indicates that temperature, food 
availability, and food quality are the most influential parameters controlling reproduction (5). 
Razor clams are gonochoristic, meaning an individual has a distinct sex (1). Gametogensis, the 
process of gonad ripening and spawning, is energetically expensive for bivalves (6). Temperature 
is indicated as the major parameter to induce spawning since it influences metabolic function, 
gonad development, and food availability (i.e. the spring diatom bloom is positively correlated 
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with reproduction) (6). Spawning is a large and synchronized event (1). E. leei usually spawns in 
late spring (7), but timing varies between locations. For instance, spawning occurs between 
March-April in the North Sea, while it takes place during June in Canada. In general, spawning 
occurs later in the year in populations closer to the poles (8).  
Reproduction and developmental stages are similar across bivalves that are broadcast 
spawners. Generally, fertilization is possible after the germinal vesicle breaks and eggs are 
released through the siphons. The egg continues to divide, entering into the “trochophore” stage 
12-16 hours after release (9). Twenty-four hours after release, individuals reach the straight 
hinge “D” stage, or the early “veliger” stage, characterized by a ciliated, free-swimming, larvae 
enclosed by two valves composed of CaCO3 (9). At this time the larvae have a complete 
digestive system with a mouth, foregut, digestive gland, intestine, and anus (2). Furthermore, 
observations show the gradual disappearance of the “velum” (a large, ciliated membrane utilized 
until the D-stage for swimming, feeding, and respiration) (9).  A few days later the larva reaches 
metamorphosis as a “pediveliger”. The pediveliger is the last larval stage as the larva then settles 
to the benthos and moves on to the juvenile stages as “spat” (9). Depending on temperature and 
species, settlement can occur anywhere between 10 days-3 weeks (1). 
1.1.3. Feeding and Growth 
Like most bivalves, razor clams are filter feeders. The clam draws in water through the 
incurrent siphon. The ingested food is controlled by the side palps that send particles to the gills 
for sorting, and subsequent passage to the mouth. Particles that are not suitable for digestion are 
bound together with mucous and sent out the excurrent siphon as pseudofeces. Ciliated cells lead 
digestible food from the mouth to the esophagus. In the esophagus, cells secrete a mucus that 
covers the food before transport to the stomach. Digestive glands, composed of counter-current 
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ducts absorb food particles and send the remaining fecal matter to the pericardium layer of the 
mantle for passage to the anus at the end of the posterior adductor muscle (5). 
In general, razor clam development is characterized by slow (or no) growth during winter 
months. During the off-season, the shell grows with a dark coloration while the warmer summer 
months allow faster growth and create a lighter shell color. Due to differences in shell color per 
season, age can be counted by “growth rings,” measured using the acetate peel technique. The 
author notes that existence of “false annuli,” which are added disturbance lines seen on the shell. 
The false annuli are caused by a variety of factors that disturb regular growth such as storm 
events, shell damage from predators, and extreme low tides (8,10). Growth is variable and 
dependent on species and location, with quicker growth recorded in areas with higher 
temperatures. Slower growth rates however generally lead to longer life spans and greater 
maximum shell length (11). The difference in growth rates may be due to food availability and 
warmer temperatures that occur earlier in the year and last longer in southern regions. E. leei can 
reach a maximum length of 20 cm and maximum age of 7 years though it only reaches this age 
in the colder portions of its geographic range, and even then it is rare (1,7,12). Most individuals 
only live to be 2-4 years (12). E. leei’s native range includes Labrador to South Carolina of 
North America’s Atlantic seaboard and the introduced range includes the English Channel to 
Sweden of the North Sea coastline (it was introduced through ballast water to the German Bight 
in 1978) (1).  
1.2. Current Market Operations for Razor Clams 
 
The literature suggests other edible shellfish species are still more widely desired, which 
continues to hinder razor clam farming efforts and developments. For instance, the commercial 
demand for oysters, mussels, crabs, and gastropods such as whelks and Triton spp. still occupy 
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much larger markets as the razor clam abundance and the wild catch is unreliable, and very 
variable (7).  
Approximately 30% of the market for razor clams centers around the fresh product, whereas 
the “industrial” (or processed/canned) market averages 70% (7). This depreciates the total value 
of the razor clam industry since the processed market is worth less, but processed meat is in 
higher demand. The majority of research on razor clam species is conducted in Europe where, 
historically, there is a higher demand than in the U.S.  Currently, the most commercially valued 
razor species in Europe are E. silique (Linnaeus, 1758), E. minor (Chenu, 1843), E. magnus 
Schumacher 1817, and Solen capensis P. Fischer, 1881 (13). The overall European market for 
razor clams is worth around $60-$80 million per year (7). The primary European consumers 
include Spain, Italy, France, Portugal, and the Netherlands (14). 
The current value of razor clams in the European market is 4-15 Euros per kg for wild caught 
clams. The market potential for cultivated clams is estimated to be 30-35 Euros/kg assuming the 
quality will be higher under controlled conditions (7). In the United States the razor clam 
industry (E. leei and Siliqua patula (Dixon, 1789)) is still a “work in progress.” E. leei is 
becoming increasingly more valued. The market price has recently exceeded $5.00 per pound for 
fresh caught razor clams (1). Their preferred minimum size is 3-6 inches. The value of the catch 
is measured by multiple factors. The least expensive clam meat is tough in texture and fished 
from Ireland and Scotland (7). The most expensive and best quality meat is fished from Spain, 
mainly Galicia. The catch originating from Portugal falls right in the middle as the meat is 
described as fine quality, but often the shells still contain sand. As described above, the quality 
of catch is determined by the region it was caught, the nature of the species including their size, 
and the efficiency of the purification process (7).  
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One of the challenges facing the razor clam industry is their rapid expiration and sensitivity 
to handling. One method used to help overcome this challenge is the banding of individuals 
together. The pressure from the banding alleviates added muscle energy the clam expends to 
hold its valves together, and extends shelf life up to a week (1). Other factors still limiting the 
razor clam industry and potential farming efforts include the difficulty in rearing and current 
inefficient yield rates (7). By investigating the variables limiting the razor clam industry and 
aquaculture developments, new methodologies may aid in establishing a greater consumer 
interest worldwide. 
1.3. Aquaculture Potential for Ensis leei 
E. leei has already been identified as a potential candidate for aquaculture since it grows 
quickly and local markets have the capacity for rapid expansion given a consistent supply of 
product (7). Development of the culturing techniques has begun at the University of Maine’s 
Darling Marine Center in Walpole, ME, and at the University of Maine at Machias’ Marine 
Science Field Station at the Downeast Institute. Operations start in the hatchery with wild 
broodstock, which are subjected to a temperature shock to induce spawning. The larvae are reared 
similarly to other cold-water bivalves. Once settled, they can be grown in upwellers without 
sediment until they reach the juvenile stage (7-10 mm SL). At this point, juveniles must be planted 
in the estuary since it is not cost-efficient to grow all the algae necessary for their growth in the 
hatchery. The grow-out method for this species is still under development as the razor clam’s 
mobility creates a unique challenge. A range of methods have been tried including tents, cages, 
nets over the seeded area, boarded raceways, and floating sand trays. Most methods were 
ineffective as they either allowed the clams to leave the site when no netting was used or slowed 
growth too much when netting was used. Burying boarded raceways into the sediment and placing 
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netting over the top of them was the most effective method; however, this only provides partial 
protection from subterranean predators (such as the ribbon worm, Cerebratulus lacteus (Leidy, 
1851)) (3). Research is still needed to find a method that will provide adequate protection from 
predators, keep the clams contained, and allow for moderate water flow during grow-out. 
1.4. Bivalve immunity 
1.4.1. Organization of the Bivalve Immune System 
 The bivalve immune system consists of external physical barriers, dissolved compounds, 
and circulating cells (hemocytes). If microbes breach the physical barriers (periostracum, shell, 
mucous, and epithelium) their pathogen-associated molecular patterns (PAMPs) are detected by 
hemocyte-bound or dissolved pattern recognition receptors (PRRs). The PRRs trigger the release 
of cytokines, which recruit additional hemocytes, activate phagocytosis, and/or release of a 
variety of different microbial compounds (15). Note that invertebrates do not possess antibodies 
and therefore are not capable of the adaptive immune response found in vertebrates (16). 
Invertebrates have some “immune memory,” which is thought to be achieved with the help of 
specific types of PRRs like thioester-containing proteins (17), C-type lectins, and Down 
syndrome cell adhesion molecules (18). All these parts work together to neutralize the millions 
of microbes bivalves encounter on a daily basis; however, each part must be looked at 
individually to understand why the bivalve immune system is as effective as it is. 
1.4.2. Mucosal Immunity 
The mucosal immunity of bivalves is a potent yet poorly understudied part of the bivalve 
immune system (19). Mucous is more than just a physical barrier as it also contains compounds 
that can kill or assist in the removal of microbes such as hydrolytic enzymes (including lysozyme 
and proteases) and lectins (a type of PRR) (20). The concentration of these compounds in the 
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mucous has been shown to increase after challenge via bacterial bath exposure, but not by 
injection (21). This indicates bivalves are capable of altering immune parameters of the internal 
and exterior immune portion of their immune system individually to localize immune response to 
infection sites. The external immune system is able to neutralize a great number of microbes on a 
daily basis however the internal immune system has the tools needed to remove quickly the 
relatively small number of pathogens that breach the external defenses (22). 
1.4.3. Cellular Immunity 
Cellular immunity in the bivalve immune system is carried out by hemocytes. These cells are 
present both in the hemolymph (circulatory fluid) and extrapallial cavity (fluid-filled space 
between mantle and shell), and can migrate freely between these two spaces as well as into tissue 
(23). They destroy foreign or dead cells using either phagocytosis or encapsulation as well as 
perform basic homeostasis functions including wound healing, food digestion, transport of 
nutrients, reproduction, excretion, and shell formation. There are two major types of hemocytes: 
hyalinocytes and granulocytes. The granuloctyes are responsible for executing phagocytosis, a 
process in which non-self molecules are ingested and destroyed by reactive oxygen species (such 
as super oxide) and reactive nitrogen species (such as nitric oxide and peroxynitrite). 
Hyalinocytes are also capable of phagocytosing nonself molecules, but do so with much lower 
frequency than granulocytes. Encapsulation is a defense method used for foreign organisms that 
are too large to be ingested (i.e. multicellular parasites) by phagocytosis. In this process, the 
invading organism is enclosed by a multitude of hemocytes. Once enclosed, the hemocytes 
release degradative enzymes and free radicals to kill the foreign organism (24). To prevent the 
damage of host tissue by reactive oxygen species release, hemocytes produce enzymes (such as 
superoxide dismutase and catalase) to convert reactive oxygen species to harmless end products 
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such as H2O (25). Hemocytes can also wall of parasites and other pathogens by melanization, in 
which hemocytes seal off pathogens through the formation of a melanin rich pigmented barrier. 
This process is controlled by a diverse group of enzymes known as phenoloxidases (26). 
Melanized invaders and/or abiotic irritants may then be enclosed within a layer of calcium 
carbonate via the process of nacrezation (27).  
1.4.4. Humoral Immunity 
 The numerous types of dissolved immune molecules in the hemolymph, extrapallial fluid, 
and mucous of bivalves are all part of the humoral portion of the immune system. These immune 
molecules include many types of PRRs (lectins, peptidoglycan proteins, thioester bearing 
proteins, lipopolysaccharide and b-1,3-glucan-binding protein, fibrinogen-related proteins), anti-
microbial peptides, antimicrobial proteins, hydrolytic enzymes (lysoszyme and proteases), and 
protease inhibitors. Each group of PRRs specializes in binding to a different type of PAMP. 
When a pathogen invades the bivalve, the appropriate PRR triggers the bivalve’s signaling 
pathway. In turn, the signaling pathway induces the immune response and the production of 
effectors, which are responsible for the incapacitation and eliminations of pathogens. The 
antimicrobial peptides, antimicrobial proteins, and hydrolytic enzymes are all used to directly 
neutralize invading pathogens. The function of protease inhibitors is still debated as they may 
block microbe protease activity (usually used for food digestion) or block the host’s protease 
activity when it becomes overactive (24).  
1.4.5. Assessing Immune Capacity 
The ability of the immune system to neutralize pathogens is known as immune capacity. This 
can be measured using a variety of biomarkers including but not limited to lysozyme activity, 
clearance of bacteria from the hemolymph, nitric oxide concentration, phagocytosis frequency, 
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differential cell counts, total cell counts, phenoloxidase activity, superoxide dismutase activity, 
and super oxide concentrations. The response of any of these parameters can be difficult to 
measure in-vivo since they are dependent upon a variety of factors. These include the species 
tested, the time after exposure to the pathogen, the species of pathogen used, the challenge 
dosage used, season the challenge is done in, location the animals are collected from, sex of the 
animal, and a variety of environmental factors. 
The immune response is also temporally dynamic, which means that the peak activity of each 
immune parameter may occur at a different number of hours post infection. Analysis at a single 
time point after infection gives a false impression of immune capacity if prior work has not been 
done to assess how immune parameters change in the short-term after infection. These 
complicating factors currently make in-vivo work for razor clams difficult as there are few 
studies available on their immune system (28,29). In-vitro infection experiments, however, can 
simplify many these complications since control and experimental groups can be run using 
hemolymph from the same animal, thus drastically reducing variability between replicates.  
This is particularly true of adult razor clams since sufficient hemolymph can be drawn from 
them to provide multiple time points for assaying multiple immune parameters from a single 
animal. Once the immune capacity of the species has been established in each season, the effect 
of environmental parameters of immune capacity can be tested for.  
1.5. Environmental Impacts 
1.5.1. Temperature Increases 
The average temperature of the global-ocean’s surface-waters has been increasing due to the 
direct and indirect effects of CO2 emissions (30). The present atmospheric CO2 level is over 380 
parts per million (ppm), approximately 80 ppm more than any of the maximum CO2 values 
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measured (from ice cores) in at least the last 740,000 years (31). E. leei is native to the Gulf of 
Maine (GoM), where surface waters have been warming at a rate of 0.01˚C per year from 1873 
to 2001(32). An accelerated warming period then occurred from 2001 to 2011, during which 
temperatures at all depths in the GoM rose by at least 1˚C (33). The cause of this recent warming 
period is not well understood. If warming continues at the elevated rate, then E. leei will need to 
adapt as the average temperature in GoM in the top 20m is likely to rise by at least 5˚C by the 
year 2070 (ref?). 
 Temperature is a parameter that is both easy to measure and has a high impact on most 
biological processes so it should come as no surprise that there is a substantial body of literature 
available on its effects on bivalve immune function (34). This includes studies with (35–37) and 
without pathogens (38–40). Simple temperature trials show immune parameters are generally 
reduced in response to the stress of increasing temperatures in the absence of pathogen challenge 
(34), although there are some exceptions where immune parameters are increased (35,36). A 
pathogen challenge however is required to determine if the selected bivalve can still produce an 
adequate immune response under any given environmental stressor (35).  
The chosen temperature can also have an impact of the pathogen itself. This can be observed 
readily in a quahog parasite unknown (QPX) infection study on Mercenaria mercenaria 
(Linnaeus, 1758) carried out in a variety of temperatures (13, 21, 27˚C). Challenged clams were 
able to fight off the infection at both 21˚C and 27˚C, but not at 13˚C. Temperature had an impact 
on both clam immunocompetence and QPX vitality. In this case, M. mercenaria hemocytes were 
found to have the highest phagocytosis capacity at 21˚C while QPX was noted as having low 
survival/virulence at higher temperatures (41). Clearly, temperature can have a major impact on 
both the immune system of bivalves as well as the microbes they encounter.  
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1.5.2. Sediment Acidification 
The study of sediment pH on biological functions such as shell production is a relatively new 
field of study; however, the evidence gathered so far indicates that there are intertidal locations 
along the Maine coast where sediment pH is much lower than others (42,43). These areas have 
been described as “dead mud” by clammers because they find relatively few clams in these 
sediments. The cause of the low sediment pH is likely the excessive amount of organic matter 
that settles onto the sediment surface as a result of excess algae growth. Eutrophication 
(triggered by runoff of nutrients from land) contributes to excess nitrogen, which is in turn 
metabolized by bacteria. CO2 is released as an end product from respiration and reacts with 
seawater to form carbonic acid (H2CO3) (44). The hydrogen ions (H
+) can then dissociate from 
this compound to form either bicarbonate (HCO3
-) or carbonate (CO3
2-) ions. This increases the 
number of hydrogen ions in the water and thus lowers pH (45). Atmospheric CO2 also reacts 
with seawater to form carbonic acid in the seawater that decreases pH in the water column as 
shown below:  
Organic matter (phytoplankton) + O2 → CO2 
 
CO2 + H2O 
→ H2CO3 
H2CO3 
→ HCO3
- + H+  
HCO3
- 

→CO3
2- + H+ 
The acidification of the water column from atmospheric CO2 predicted to occur within the next 
100 years likely will have no impact on the pore water of the sediments (46). 
The break-down of organic matter at the sediment surface, although rapid, is relatively 
inefficient and allows for excess organic matter to be buried deeper in the sediment. Organic 
matter that is buried below the sediment surface gets broken down by specialized bacteria that 
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use various forms of anaerobic metabolism. Oxygen usually cannot penetrate below the top 
centimeter of sediment, making it unavailable to all the microbes found below the sediment 
surface. Alternative oxidants must be used in the deeper portions of the sediment by specialized 
bacteria. The hierarchy of oxidants used by the bacteria are as follows: O2, NO
-
3, MnO2, FeOOH, 
SO4
- and CO2. The oxidants are used in this specific sequence due to the amount of energy each 
yields in its respective oxidation reaction. The most reactive substrates (one that will yield the 
most energy) are consumed first before the next best oxidant is used (47). The possible metabolic 
pathways the microbial community can make use of in marine sediments are listed below. They 
are listed from top to bottom in order from those that will produce the most energy to those that 
will produce the least. The formula “CH20” will be used to generically represent organic matter 
(44). 
 
1. Aerobic respiration 
1/4“CH20”+1/4O2(g) = 1/4CO2(g)+1/4H2O 
2. Denitrification 
1/4“CH20” + 1/5NO3-+1/5H+ = 1/4CO2(g) + 1/10N2(g)+7/20H2O 
3. Manganese respiration 
1/4“CH20”+1/2MnO2(s)+H+ = 1/4CO2(g) + 1/2Mn2+ + 3/4H20 
4. Iron respiration 
1/4“CH20”+Fe(OH)3(s) + 2H+ = 1/4CO2(g) Fe2++11/4H2O 
5. Sulfate reduction 
1/4“CH20” + 1/8SO2-4+1/8H+=1/4CO2(g)+1/8HS-+1/4H2O 
6. Methane fermentation 
1/4“CH20” = 1/8CO2(g)+1/8CH4(g) 
7. Hydrogen fermentation 
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1/4“CH20”+1/4H2O = 1/4CO2(g)+1/2H2(g) 
These pathways ultimately lead to a pH gradient to being set up in the sediments since reducing 
capacity decreases with sediment depth (48). Note that not all bacterial respiration is fueled by 
the initial addition of organic matter. Sulfate (SO4
-2) is constantly supplied from the overlying 
seawater and supplies anoxic bacteria with an electron receptor for their respiration since the 
SO4
-2 penetrates a few meters down into the sediment. The resulting hydrogen sulfide (H2S) is 
eventually oxidized into intermediate sulfur species (elemental sulfur, polysulfides, thiosulfate, 
and sulfite) as well as back into SO4
-2 after being used as an electron receptor by a variety of 
anoxic bacteria (49). 
Marine sediments generally are of a much lower pH (between 0.5 and 1.5 pH units) than 
the overlying water in a coastal environment. pH within the sediment is stratified into zones, and 
tends to increase with sediment depth (48). This is because the ample supply of oxygen and 
organic matter at the sediment-water interface allows for more CO2 to be produced than in the 
zones below, which only contain the organic matter that is not metabolized at the sediment 
surface.  The depth of each of the redox zones varies seasonally due to changes in organic matter 
deposition as well as temperature (43,50). In turn, the pH gradient in sediments changes with 
season. Sediment pH also varies on small spatial scales due to bioturbation as well as differences 
in organic matter deposition. A simple burrow from a worm can increase the surface area of the 
sediment-water surface by up to 16-fold and thus drastically increase the oxygen penetration 
depth to a specific patch of sediment (44). Sediment pH must be measured separately at each site 
of interest, since variability from one site to the next is high (relative to differences in water 
column pH). Measuring pH alone however is usually not sufficient to assess how much pressure 
an acidic environment is placing upon a given bivalve.  
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Saturation state with respect to the form of calcium carbonate the bivalve of interest 
builds its shell from (aragonite or calcite) will also need to be calculated for each site if the 
researcher is interested in finding out if the shell is under dissolution pressure. Aragonite is not 
as stable as calcite and thus starts to dissolve at a higher pH than calcite. This means that 
bivalves that use aragonite to form their shells, such as razor clams, are particularly vulnerable to 
dissolution pressure. The majority of bivalves use aragonite to form their shells however because 
it comes at a lower metabolic cost than does calcite. Aragonite saturation state (Ωar) can be 
calculated using the following formula: 
Ωar = [Ca2+]*[CO2-3]/K*sp 
where [Ca2+] and [CO2-3] are the concentrations of dissolved calcium and carbonate ions 
respectively. K*sp is the stoichiometric solubility product and can be found in the literature if the 
temperature and salinity of the sample are known (51). When Ωar or ca is 1, there is no net 
dissolution or precipitation of the indicated from of calcium carbonate. Values above 1 allow for 
precipitation while values below 1 lead to dissolution (52). Various invertebrates have shown the 
capacity to counteract this dissolution pressure at a metabolic cost (53,54) (Ries et al., 2008; 
Wood et al., 2008). Whether razor clams can cope when Ωar < 1 (and the cost incurred for doing 
so) has yet to be determined. 
A relatively large literature exists on effects of water column acidity on bivalves (55–59); 
however, little work has been done examining effects of increased sediment acidity on the fate 
and growth of infaunal bivalves such as E. leei. To date, studies show the valves of juvenile 
clams will dissolve (60), or that they refuse to burrow (61), or move away from sediments (46) 
that have been acidified directly with CO2 gas. These studies illustrate the need to obtain data 
first on effects of sediment pH on clam burrowing behavior before the immune system can be 
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studied, as clams may simply choose to refuse to bury in the sediment if they do not have the 
option to relocate (as would be the case in an aquaculture scenario). The dissolution resistance of 
clams has been noted to increase with size (60) as adult clams are more likely to dig in low-pH 
sediment than juveniles. Even if adult clams burrow and display normal behavior, there is the 
possibility their immune system will be impacted. To this end, immune parameters were 
measured in adult E. leei after exposure to elevated water temperatures and decreased sediment 
pH. 
1.6. Thesis Objectives 
 E. leei has great potential for use as an aquaculture species as literature on handling 
methods, habitat preference, and starting a broodstock are all available (7). However, very little 
is known about the pathogens of E. leei (1). Understanding the immune system of E. leei will not 
only guard against any health issues that may arise in the razor clam industry, but also provide 
tools to assess immune capacity in the face of environmental impacts. By examining the immune 
response under potential future environmental conditions, this effort was undertaken to insure 
that the developing razor clam industry can continue to function under the expected chronic 
environmental stress from increased acidity and temperature. The objectives for this study were 
to characterize the hemocytes for this species, establish a seasonal baseline for the unstimulated 
internal immune parameters of this species, investigate the seasonality of the internal immune 
capacity of adult E. leei, determine the impacts of increased temperature on the internal immune 
capacity of this species, and determine the impacts of increased sediment acidity on the internal 
immune capacity of this species.  
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CHAPTER 2 
 CHARACTERIZATION OF ENSIS LEEI HEMOCYTES 
2.1. Introduction 
 The Atlantic jackknife clam, E. leei, is native to the East Coast of North America as well 
as invasive to the Wadden Sea of Europe. The species currently supports a small fishery along 
the North Shore, MA as well as in southern Maine, and is in the development phases for large 
scale aquaculture (1, 3). A small, live and processed market exists for E. leei in the Northeast; 
yet, an inconsistent supply of product prevents its expansion (1). Sizable markets for razor clams 
already exist in Netherlands, United Kingdom, Ireland, Spain and Portugal, which will provide 
an outlet for any product that exceeds the local market’s demand (7). Literature on handling 
methods, habitat preference, and broodstock are all available; however, very little is known about 
vulnerability of E. leei to potential pathogens (1,7). Information on E. leei health will be needed 
to assess the health of stocks as the razor clam aquaculture industry develops in the Northeast.  
 The circulating cells in bivalves, hemoyctes, have been shown to be indicative of an 
animal’s immune status (62). This is because hemocytes serve a variety of immune functions as 
well as wound healing, nutrient digestion, transport, and excretion (62). Establishing the 
morphology of healthy E. leei hemocytes will make comparisons of hemocytes possible between 
healthy and diseased bivalves (63). Bivalve hemocytes also can be used as bioindicators for 
abiotic stressors such as pollutants (64–67), salinity shifts (68), warming (68,69), and 
acidification (69). Hemocyte morphology, total hemocyte counts (THCs), and differential counts 
of the hemocytes are some of the basic parameters that can be used to help assess the immune 
capacity of bivalves (29,70,71). Transmission electron microscopy (TEM) can be used to take a 
more detailed look at hemocyte morphology and can thus be a useful tool in assessing the 
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immune status of bivalves (66,72,73). These studies have shown that number of granules, 
integrity of the cytoskeleton, presence of pseudopodia, and size of lysosomes can be used to 
differentiate between diseased and healthy hemocytes 
 The two general types of hemocytes (haemocytes) present in most bivalves are 
granulocytes and hyalinocytes (agranulocytes). Granulocytes are defined by the presence of 
granules regardless of their size or density. Most granules are considered to be a type of 
lysosome, as they contain acid hydrolases used to break down invading pathogens and cellular 
debris (74). Granulocytes can be classified further as large and small. Most bivalves have at least 
one type of granulocyte, although the lions-paw scallop, Nodipecten subnodosus, has no 
granulocytes at all (70). Hyalinocytes are distinguished from granulocytes by their lack of 
granules. Some bivalves also have small hyalinocytes with a large nucleus to cytoplasm ratio 
sometimes referred to as blast-like cells or hemoblasts. These cells have already been observed 
in many bivalve species including Ruditapes philippinarum (Adams & Reeve, 1850) (75), 
Saccostrea glomerata (Gould, 1850) (76), Crassostrea ariakensis (Fujita, 1913) (77), Saccostrea 
kegaki Torigoe & Inaba 1981, Crassostrea nippona (Seki, 1934), and Hyotissa hyotis (Linnaeus, 
1758) (78). Their presence in a variety of bivalve species, low immune function capacity (77), 
positive reaction to the mammalian stem cell molecular marker anti-CD34 (in the case of R. 
philippinarum) (75), and the ability to divide (as found in R. philippinarum) (79) all provide 
evidence to suggest blast-like cells may actually be stem cells that mature into the other cell 
types. 
In addition to the more common hemocytes types listed above, there are two rare cell 
types found in only some bivalves: the vesicular cell (vacuolated granulocyte) and the serous cell 
(pigmented cell, rhogocyte, pore-cell, brown cell, morula cell). The vesicular cell is 
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characterized by an abundance of clear vesicles and a lack or scarcity of granules. The function 
of this cell type in bivalves is unknown, although its morphology may be the result of a 
granulocyte going through degranulation. This cell type has been reported in the mussel 
Anodonta cygnea (Linnaeus, 1758) (80) oysters S. kegaki, C. nippona, H. hyotis, Crassostrea 
gigas (Thunberg, 1793) (78,81), the cockle Cerastoderma edule (Linnaeus, 1758) (82), and the 
clam Scapharca inaequivalvis (Bruguière, 1789) (83). The serous cell is rounded and has a light 
brown to almost black coloration when viewed unstained that resembles the appearance of 
melanin (84,85). It is believed to perform functions such as excretion (74), detoxification of 
heavy metals (85), removal of moribund parasites (86), and cell aggregation initiation (87). 
Bivalves possessing this cell type include the clam R. philippinarum (75), the giant clam 
Tridacna crocea Lamarck, 1819 (87), and the cockle C. edule (82). 
Classifying the morphology of individual species is necessary as not all bivalves have the 
same types and frequency of hemocytes (74). For this reason, the number of bivalve species 
covered in the hemocyte literature has continued to increase over the years. Bivalve species 
recently added to this literature base include Callista chione (Linnaeus, 1758) (88), 
Bathymodiolus japonicas Hashimoto & Okutani, 1994, B. platifrons Hashimoto & Okutani, 1994 
B. septemdierum Hashimotot & Okutani 1994 (89), S. kegaki, C. nippona, H. hyotis (78), and A. 
cygnea (80). The current study contributes to this effort by classifying the hemocytes of E. leei 
and providing a detailed morphology of them using both transmission electron microscopy 
(TEM) and light microscopy. Currently, no information is available on the hemoctyes of E. leei, 
although work has been conducted on the hemocytes of a related razor clam species, E. siliqua 
(29). Total hemocyte counts and differential cell counts will also be presented for wild E. leei. 
These counts can be obtained without lethally sampling the animal and can be a valuable 
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indicator of health status. Classifying and describing E. leei hemocytes will lay the foundation 
for future immune function studies in the species. 
2.2. Methods 
2.2.1. Clam and Hemolymph Collection 
 E. leei were collected from the shore of the Damariscotta River Estuary in Walpole, ME 
(43°56'05.8"N 69°34'49.1"W) using a clam hoe on 4 December 2014 and 19 January 2015. All 
were individually banded and transported in a cooler filled with seawater from the Damariscotta 
River Estuary. All clams used in the study had no external damage and retracted all soft parts 
immediately upon removal from water. Clams ranged between 108-145mm SL and 20-25mm in 
width. Clams were kept in a 150L recirculating tank at the University of Maine, Orono filled 
with water from the sampling site to keep them in conditions similar to the collection site. 
Hemocyte counts and light microscopy were conducted within 48 hours after collection, while 
TEM samples occurred a week after collection date. A glass tank kept seawater at 6.5 ±1°C, and 
had a polypropylene tub placed in it filled with paver’s sand purchased from Home Depot to a 
depth of 100mm for the clams to burrow. All sand had larger rocks removed from it by sieving it 
through an onion bag followed by rinsing with artificial seawater (salinity = 30ppt; Crystal Sea 
Marinemix) before being placed in the tub. An aquarium circulation pump (Hydor Koralia, 240 
GPH) was used to provide constant water movement over the sand tub. A 38 L water change was 
carried out twice weekly using artificial seawater to maintain water quality when clams were 
kept more than 48 hours. Hemolymph was withdrawn from the anterior abductor muscle using a 
1ml syringe fitted with a 23-gauge needle. A slight, but constant, pressure was maintained until 
hemolymph started to flow in the syringe. After removing the needle, hemolymph was expelled 
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into a 1.5ml centrifuge tube. There was no need to pool hemolymph from multiple clams as at 
least 1ml of hemolymph could be obtained from each clam. 
 An additional batch of five clams (105- 170 mm SL) was collected on 21 January 2016 
near Dobbin’s Island, in Beals, ME (44˚30’24.6”N 67˚36’15.1”W).  These animals were used 
exclusively for the Pappenheim’s stain preparations. Clams were banded and transported back to 
the Bowden lab wrapped in paper towels saturated with natural sea water. These animals were 
kept in the same tank set-up as described above with the exceptions of a larger aquaria (76 L), 
and the use of sand from the collection site. A stainless steel sieve with 2.54 mm mesh was used 
to remove any large animals or pebbles from the sand prior to placing the sand in the tubs. 
Salinity was maintained between 32 and 33ppt while temperature was kept at 4.5˚C ± 0.5˚C (± 
SD). These clams were fed ad libitum with instant algae (shellfish diet 1800, Reed Mariculture) 
on a daily basis, and kept at least a week in the lab before hemolymph was drawn. Hemolymph 
was added to a chilled tube containing an equal amount of 0.38% sodium citrate (Fisher 
Scientific) in 0.2µm-filtered artificial seawater (FASW) to reduce clotting (88).  
2.2.2. Total Hemocyte Counts 
 All cell counts were taken immediately by loading freshly drawn hemolymph into a 
Neubauer improved hemocytometer and observing the cells at 250x magnification using a Leitz 
Wetzlar light microscope. Hemolymph also was checked for gamete contamination at this time. 
Small hemocyte aggregates were present, but cells within them were still distinguishable from 
each other and were thus included in the counts. 
2.2.3. Hemacolor and Pappenheim’s Panoptical Staining 
 Slides to be stained in Hemacolor were prepared by placing 50µl of hemolymph on glass 
slides within a moisture chamber placed in a refrigerator. Hemolymph was allowed to incubate 
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for 30 min at 6˚C. Excess hemolymph was then removed by tilting the slide to one side and 
drying the droplet with a paper towel. Slides were immediately stained using a Harleco 
Hemacolor® stain kit (65044) consisting of methanol, eosin, and methylene blue. Staining was 
accomplished according to the manufacturer’s directions. After air drying, the slide was fitted 
with a cover slip using Triangle Biomedical Sciences SHUR/Mount™ toluene-based liquid 
mounting media. 
 Slides to be stained in Pappenheim’s mixture were prepared by placing 50µl of 
hemolymph on slides within a moisture chamber at room temperature. Hemolymph was allowed 
to incubate for 30 min before excess hemolymph was removed by pipette. The attached 
hemocytes were then covered with 60µl of a 1% glutaraldehyde solution made in 32ppt FASW 
containing 1% sucrose. Slides were fixed for 30 min at 6˚C within their moisture chambers, and 
then rinsed with filtered artificial seawater before being dipped in May-Grunwald stain (Electron 
Microscopy Sciences) for 3 min. Slides were then dipped in distilled water before being dipped 
in a 5% Giesma (Sigma) bath for 5 min (88). Slides were rinsed once more with distilled water 
before being mounted with a coverslip as described above. 
2.2.4. Neutral Red Staining for Lysosomes 
 Cells were stained using a Neutral Red staining procedure previously used by Lowe et al. 
(90) with a few modifications. The neutral red stock solution was made by dissolving 20 mg 
neutral red in 1 ml of DMSO. The stock solution was then frozen at -20˚C until a working 
solution was needed. The working solution was made by mixing 10µl of stock solution with 5 ml 
of FASW, and then filtered again through a 0.22 µm syringe-driven filter to remove any 
remaining clumps of neutral red dye. Slides were prepared for staining with neutral red using the 
same procedure as previously listed for Hemacolor staining preparations. After disposing of the 
23 
 
excess hemolymph, 50µl of freshly prepared neutral red working solution was placed onto the 
attached hemocytes. A cover slip was placed on and hemocytes were allowed to incubate a 
further 15 min in the moisture chamber kept in a fridge at 6˚C. The sides of the cover slip were 
then blotted with a tissue before being viewed in an Olympus BX60 light microscope at various 
magnifications. 
2.2.5. Differential Counts and Hemocyte Measurements 
  An Olympus BX60 light microscope was used to view stained slides at 40x and 100x 
objective lens. Immersion oil was used with the 100x objective lens. Photographs were taken 
with an Olympus DP71 microscope camera. Differential counts were taken under the 40x 
objective lens. For each animal, hemocytes were counted and categorized by cell type until 100 
cells were counted. Extremely rare cell types were excluded from the counts. Hemocyte 
diameters, nucleus diameters, and nucleus to hemocyte ratios were obtained from the Hemacolor 
micrographs using Image J photo software. 
2.2.6. Transmission Electron Microscopy 
 Freshly drawn hemolymph was used to fill iced 1.5ml centrifuge tubes halfway. As much 
as 3ml of hemolymph could be extracted from a single clam. Artificial seawater (30ppt) 
containing 4% glutaraldehyde solution was made by mixing a 0.22 µm filtered artificial seawater 
(Crystal Sea Marinemix, salinity of 60ppt) with a stock 8% glutaraldehyde solution (made in DI 
water) in a 1:1 ratio. This 4% glutaraldehyde fixative solution was then added to the 1.5ml 
centrifuge tube in a 1:1 ratio. The hemolymph was then gently mixed by inversion and kept in 
the fridge at 6˚C for 14 hours before being centrifuged at 700xg for 10min. Supernatant was 
removed and cell pellets were re-suspended in 30ppt salt solution to remove the glutaraldehyde. 
This rinse step was repeated two more times before the pellets were postfixed with 1% osmium 
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tetraoxide solution (salinity 30ppt) for 1h at 6°C. The 1% osmium solution was then switched 
out for chilled 30ppt salt solution and the tube was allowed to sit in the fridge overnight. The 
30ppt salt solution was removed by pipette and pellets were dehydrated in an acetone series. The 
acetone was then replaced with Araldite 502/Embed 812 resin (Electron Microscopy Sciences) 
and allowed to incubate for 15 minutes while under a vacuum to remove any air bubbles in the 
resin. This resin rinse was repeated twice more with fresh resin before the samples were cured 
for 48 hours under vacuum at 55°C. Ultrathin sections were then cut using a diamond knife on a 
microtome. Sections were dried onto copper grids and stained with uranyl acetate and lead citrate 
(81). Sections were then viewed in a Phillips CM10 transmission electron microscope at 100KV 
and photographs taken with an Orius SC200 digital CCD camera, model 830.  
2.3. Results 
2.3.1. Light Microscopy 
 Observation of live hemocytes stained with neutral red and fixed hemocytes stained with 
Hemacolor or Pappenheim’s mixture allowed for identification of both hyalinocytes (agranular 
hemocytes) and granular hemocytes based on the presence or scarcity of granules (Figure 2.1; 
Figure 2.2.). Both hemocytes types were then divided into large and small categories based on 
their nucleus to cytoplasm ratio. Neutral red was used only as a vital stain to check for the 
presence of lysosomes since it is difficult to discern granulocytes from hyalinocytes when using 
this stain.  
2.3.1.1. Hyalinocytes 
 Hyalinocytes were classified as two sub-types: large hyalinocytes and small hyalinocytes. 
Large hyalinocyte nuclei were oval in shape and stained a dark shade of purple in Hemacolor 
(Figure. 2.1.A). These cells were usually spread out onto the glass slide and thus had a high cell 
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diameter. Their average nucleus: cell ratio was mid-range even though their average nucleus size 
was greater than that found in any of the other hemocyte types (Table 2.1.). Their cytoplasm took 
up very little stain and had either scattered granules or none at all. Extended pseudopodia were 
always absent in the hyalinocytes that had no granules (Figure 2.1.B). An abundance of small 
round vesicles was present in the cytoplasm (Figure 2.1.B) although many of them were difficult 
to discern due to the lightly-stained cytoplasm. Both round and elongated cell morphologies were 
observed (Figure. 2.1.A and B).  
 Small hyalinocytes also were present, and characterized by their rounded, dark blue 
nucleus. They had both a very high nucleus:cell diameter ratio and small cell diameter (Table 
2.1; Figure 2.1.A and E). This made it impossible to discern if granules were present in their 
scant cytoplasm using light microscopy. A few of these cells had extended pseudopodia (Figure. 
2.1.E).  
2.3.1.2. Granulocytes 
 Granulocytes could be identified by the presence of granules in the cytoplasm and were 
further classified as large and small granulocytes. All the granulocytes had granules that were not 
well defined in Hemacolor and often blurred together to form one mass (Figure. 2.1.A). In 
Pappenheim’s stain preparations, some of the individual granules could be distinguished (Figure 
2.1.D). Scattered vesicles were also apparent in some the large granulocytes stained in 
Pappenheim’s mixture (Figure 2.1.C). Neutral red preparations showed an abundance of tightly 
packed red granules filling most of the cytoplasm however the nucleus remained unstained 
(Figure 2.2.). Large granulocytes were almost always spread out onto the glass slide and thus had 
a high average cell diameter (Table 2.1.). They appeared in oval, elongated, and spindle 
morphologies with extended pseudopodia (Figure. 2.1.A, C, D, and E). The nucleus to cell 
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diameter ratio was the smallest of the five cell types (Table 2.1.). The granules stained either 
dark pink (Figure 2.1.C) or purple (Figure 2.1.D) and cytoplasm took up very little stain around 
the edges of the cells (Figure 2.1.C and D). Their nucleus was either round or oval in shape and 
always stained a dark blue (Figure. 2.1.C and D). 
 Small granulocytes had a larger nucleus to cell ratio and a smaller cell diameter than 
large granulocytes (Table 2.1.). In both Hemacolor and Pappenheim’s stain preparations the 
cytoplasm looked much like that of the large granulocytes (Figure 2.1.A, D, and F). In neutral 
red preparations the tightly packed masses of granules in the cytoplasm of the small granulocytes 
stained a dark red, (Figure 2.2.D). The granules tended to blur together in both Hemacolor and 
neutral red preparations although individual granules were sometimes visible at the edges of 
theses masses. The nucleus stained a dark blue/black color in Pappenheim’s stain preparations 
and was round or oval in shape (Figure. 2.1.D and F).  
2.3.1.3. Vesicular Cells 
 Vesicular cells were present in only some of the samples and characterized by an 
abundance of vesicles surrounding the nucleus. Both round and elongate nucleus morphologies 
were observed. The cytoplasm stained a light blue color and thus made the large vesicles 
prominent in this cell type. Numerous extended pseudopodia were observed and the cell type 
possessed an elongate cell morphology. (Figure 2.1.F). 
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Figure. 2.1. Light micrographs of fixed and stained E. leei hemocytes. (A) Hemocytes collected 
without an anti-clotting solution fixed in methanol and stained with Hemacolor. (B-F) 
Hemocytes collected in a 0.38% sodium citrate solution and fixed in glutaraldehyde before being 
stained in Papenheim’s mixture. LH- large hyalinocyte, LG- large granulocyte, SG- small 
granulocyte, SH- small hemocyte, VC- vesicular cell. 
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Figure. 2.2. Light micrographs of live E. leei hemocytes stained with neutral red. The stained 
portions are granules and the clear circle within each cell is the nucleus. (A) Large hemocyte 
with many extended pseudopodia and some enlarged granules. (B) Large hemocyte filled with 
enlarged granules. (C) A large hemocyte where the granules have not yet become enlarged. (D) 
A small rounded hemocyte packed tightly with granules. (E) A small rounded hemocyte with 
enlarged granules.  
 
 
Table 2.1. Diameters and nucleus:cell ratio of the hemocyte types found in E. leei. Vesicular cells 
are excluded from this table because they were far too scarce. Measurements were taken from 
methanol-fixed hemocytes that were stained using Hemacolor. SH; small hyalinocyte; SG; small 
granulocyte; LH: large hyalinocyte; LG: large granulocyte; Min: minimum; Max:maximum. 
n=30 for each hemocyte type. 
  
Type Nucleus 
(µm) 
  Cell (µm)   N/C ratio   
 Mean ± SD Min Max Mean ± SD Min Max Mean ± SD Min Max 
SH 3.25±0.56 2.05 4.12 5.41±1.04 3.68 8.07 0.61±0.11 0.40 0.89 
SG 3.65±1.83 2.66 5.26 9.43±1.83 5.57 13.76 0.39±0.07 0.28 0.58 
LH 4.79±1.01 2.98 6.65 12.51±2.16 8.68 16.71 0.36±0.10 0.21 0.59 
LG 3.88±0.79 2.84 5.75 15.32±3.19 10.53 22.03 0.26±0.06 0.16 0.38 
A 
E C 
B 
D 
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2.3.1.4. Aggregates 
 Hemocyte aggregates of various sizes (ranging from 20-320 µm in length) were observed 
in each of the Hemacolor preparations. Most aggregates formed a round or oval shape however 
there were the occasional odd shapes such as elongated chains and rings. These aggregates could 
get quite large when no anti-clotting solution was used (Figure 2.3.A). The use of the sodium 
citrate anticoagulant solution prevented the hemocytes from forming these large aggregates, but 
still allowed for the binding of the hemocytes to the glass slides and the formation of small 
aggregates (Figure 2.3.B and C). The core of the aggregates was much darker in the large 
aggregates than it was in the small ones. The hemocytes blended in with the dark blue/black 
color of the core once they joined the aggregate and thus became impossible to identify. Both 
hyalinocytes and granulocytes showed the capacity to form aggregates as they can be seen 
extending pseudopodia towards existing aggregates (Figure 2.3.B and C). In neutral red 
preparations the stain could not penetrate past the outer perimeter of the aggregates so most of 
the aggregate appeared clear. 
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Figure. 2.3. Light micrographs of stained E. leei hemocyte aggregates. (A) Low magnification 
view showing the various possible shapes and sizes of methanol-fixed hemocyte aggregates 
stained in Hemacolor without anti-clotting solution. (B) Glutaraldehyde-fixed hyalinocytes 
collected in a 0.38% sodium citrate solution and stained using Pappenheim’s mixture. (C) 
Glutaraldehyde-fixed granulocytes collected in a 0.38% sodium citrate solution and stained using 
Pappenheim’s mixture.  
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2.3.2. Transmission Electron Microscopy 
Confirmation of the five morphologically distinct cell types that were identified using 
light microscopy was made using TEM. This also revealed many details in the hemocytes not 
visible in the light micrographs. At least two distinct granule types were observed, which were 
characterized as electron lucent and electron dense. The term electron dense was reserved for the 
darkest colored granules while the medium to light gray granules were deemed electron lucent 
granules. 
2.3.2.1. Hyalinocytes 
 Large hyalinocytes were amoeboid in shape and had a low nucleus:cell diameter ratio. 
They lacked dense granule concentrations but had some scattered granules and mitochondria. 
The nucleus was round and located near the center of the cell. A few large clumps of chromatin 
could be seen within the nucleus. All large hyalinocytes observed had relatively few granules 
compared to granulocytes. Granule size was variable (0.16-0.63 µm) and most granules were 
electron lucent. All granules were either round or oval in shape. Rough endoplasmic reticulum 
and multiple mitochondria were always present as well as large vesicles. Pseudopodia of various 
lengths were observed extending from the hyalinocyte’s perimeter (Figure 2.4.A and B). 
 Small hyalinocytes were round or oval in shape and had a very large nucleus:cytoplasm 
ratio. The nucleus was always centric and oval in shape. Clumps of chromatin of various shapes 
were visible in the nucleus. The scarce cytoplasm usually contained at least a few mitochondria, 
but granules were either relatively scarce compared to granulocytes or completely absent (Fig. 
2.4.C and D). When granules were present both electron lucent and electron dense granules were 
of variable size (1.00-0.18 µm). Long pseudopodia were also observed which extended as much 
as 4um out from the edge of the cell (Figure 2.4.D).  
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Figure. 2.4. Transmission electron micrographs of E. leei hyalinocytes and vesicular cell. (A) 
Large hyalinocyte with an abundance of empty space in the cytoplasm. (B) Close up of the large 
hyalinocyte shown in micrograph A. (C) Small hyalinocyte with both extended pseudopodia and 
some granules. (D) Small hyalinocyte with a large particularly long pseudopodium extended. (E) 
Vesicular cell with many vesicles and no granules. EDG- electron dense granule, ELG- electron 
lucent granule, N-nucleus, PS- pseudopodium, M- mitochondria, V-vesicle, rER- rough 
endoplasmic reticulum. 
  
A 
E D C 
B 
33 
 
2.3.2.2. Granulocytes 
 Large granulocytes had a low nucleus:cytoplasm ratio, and the nucleus contained large 
clumps chromatin. The cell possessed an elongate morphology with the nucleus at one of the far 
ends. Only a few vesicles were present as most space was packed densely with various 
organelles including mitochondria, Golgi apparatus and rough endoplasmic reticulum. Usually, 
the rough endoplasmic reticulum was found near the nucleus. The most prominent feature 
however was the abundance of granules. Like those found in the hyalinocytes, these granules 
occurred in various sizes (0.20- 0.81 µm), and came in both round and oval morphologies. Both 
electron lucent and electron dense granules were present. Multiple short pseudopodia also were 
observed extending off the perimeter of each large granulocyte (Figure. 2.6.D). 
Small granulocytes had a higher nucleus:cytoplasm ratio than large granulocytes and possessed 
round or oval morphologies (Figure 2.6.A-C). The nucleus had large clumps of chromatin, and 
was either centric (in round cell morphologies) or eccentric (in oval cell morphologies) (Figure 
2.5.A and D; Figure 2.6.B). Both electron dense and electron lucent granules were found in them 
although electron dense granules were always more abundant than electron lucent granules 
within any given small granulocyte. These granules came in various sizes (0.20- 0.87 µm) and 
were observed to be packed particularly tight in small granulocyte sections that lacked a nucleus 
(Figure 2.6A and C). Upon closer inspection of the granules, we noticed some of the electron 
lucent granules had spots of more intense granular material within them (Figure. 2.5.E and F). 
This could not be discerned in the darkest of the electron dense granules, which had a 
homogenous black coloration (Figure. 2.5.B). The same variety of organelles found in large 
granulocytes was present and all cells possessed multiple pseudopodia. 
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Figure. 2.5. Transmission electron micrographs of E. leei granulocytes and granules. (A) Small 
granulocyte located just outside a hemocyte pellet. (B) Large electron-dense granule with 
homogeneous coloration within. (C) A trio of granules, each with a different electron density. 
(D) Small granulocyte with numerous large granules. (E) Large electron lucent granule with only 
a few small patches of darker areas within. (F) Electron lucent granules with many patches of 
much darker granular material within. EDG- electron dense granule, ELG- electron lucent 
granule, N-nucleus, PS- pseudopodium, M- mitochondria, V-vesicle. 
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Figure. 2.6. Transmission electron micrographs of E. leei granulocytes. (A) Small granulocyte 
packed tightly with electron dense granules. (B) Small granulocyte with electron dense granules 
extending multiple pseudopodia. (C) Small granulocyte with a very prominent rER as well as a 
mixture of electron light and electron dense granules. (D) Large granulocyte with electron dense 
and electron lucent granules as well as an elongate morphology. EDG- electron dense granule, 
ELG- electron lucent granule, N-nucleus, PS- pseudopodium, M- mitochondria, V-vesicle, rER- 
rough endoplasmic reticulum, GA- golgi apparatus. 
A 
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2.3.2.3. Vesicular Cells 
 A single vesicular cell was found using TEM (Figure 2.4.E). This hemocyte is 
characterized by numerous vesicles and a lack of organelles (with the exception of the nucleus). 
The vesicular cell has many rounded electron lucid vesicles. The nucleus is rounded and one of 
the few electron dense areas of the cell. The rest of the cell is entirely electron lucent with the 
exception a thin network of membranes that form the vesicles and cell perimeter. 
2.3.3. Total and Differential Hemocyte Counts 
 Total cell counts were taken from ten different razor clams, with six sampled in 
December and four sampled in January. We pooled results from both sample points since they 
were sampled about a month apart from the same site, and animals were within the same size and 
temperature range. The average total hemocyte count was 1.96 x 106 ± 6.78 x 105 cells mL-1.  
A total of 1,000 Hemacolor-stained cells (100 per sample) were counted under light microscopy 
for differential hemocyte counts and were comprised of 11% small hyalinocytes, 12% large 
hyalinocytes, 59% small granulocytes, and 18% large granulocytes (Figure 2.7.). At least 72% of 
the hemocytes counted were granulocytes in each of the samples used. The 27 cells that were 
counted from the electron micrographs were comprised of 26% small hyalinocytes, 15% large 
hyalinocytes, 48% small granulocytes, and 11% large granulocytes. Vesicular cells were not 
included in these counts as they were only discernable in Pappenheim’s stain and TEM 
preparations. Vesicular cells were only present within three of these five Pappenheim’s stain 
preparations and one of the TEM samples. None of these preparations contained more than two 
vesicular cells. 
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Figure 2.7. Population distribution of hemocyte types in E. leei hemolymph. Each bar stands for 
the mean of the given cell type counted for a total of 1,000 cells across 10 different animals. 
Error bars represent ± 1 standard error of the mean. 
 
2.4. Discussion 
Hemocyte classification in bivalves often varies from author to author as there are both 
multiple terms used to indicate the same hemocyte type and many different characteristics to 
classify by. In this work, an effort was made to keep the classification scheme simple by using 
only granularity and cell sizes as classification criteria. This means affinity for dyes was not used 
to classify cell types although observed colors are given for each cell type. In both light and 
electron microscopy, we observed small hyalinocytes (agranular hemocytes), large hyalinocytes, 
small granulocytes, large granulocytes, and vesicular cells. Serous cells (as described in the 
Introduction) seemed to be absent from E. leei hemolymph. Hyalinocytes and granulocytes are 
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present in most bivalves (except some scallops) and their terminology is consistent throughout 
the literature (74). The classification scheme for the subtypes of these two general cell types 
however often vary between authors. 
The small hyalinocytes identified in the current work resembled the blast-like cells 
(hemoblasts) found in many other bivalve species. They had the characteristic high nucleus:cell 
diameter ratio (74) and stained a dark blue in Pappenheim’s stain (75,76). Some of the small 
hyalinocytes in the current study possessed a few granules as well as extended pseudopodia 
(Figure 2.4.C), both features not usually found in blast-like cells. It is possible, then, that the 
small hyalinocytes with a few granules are granublasts (Figure. 2.4.C) while the small 
hyalinocytes without granules are hemoblasts (Figure 2.4.D). Granublasts have been 
hypothesized to be the stem cell for granulocytes and hemoblasts the stem cells for hyalinocytes 
(84). The observations made on the hemocytes of the freshwater gastropod Planorbarius corneus 
(Linnaeus, 1758) support this hypothesis (91). We chose to label these cells with a more general 
term (small hyalinocytes) since functional studies will be needed to determine whether they have 
the relatively low immune function capability that is characteristic of blast-like cells (78,92).  
A rare type of hemocyte, the vesicular cell, was observed under TEM. This cell is unique 
because it has many vesicles and appeared to lack all organelles except the nucleus. It was only 
identifiable in TEM and Pappenheim’s stain preparations and was very rare in all samples it was 
observed in. Their origin are unknown although it could possibly be a recently degranulated 
granulocyte. Granulocytes have granules comparable in abundance to the vesicles in the 
vesicular cell so the vesicles could be phagosomes or degranulated granules. If this is the case 
then a low frequency of vesicular cells would be expected in healthy E. leei specimens. The 
frequency of this cell type was expected to increase when the animals are exposed to a stressor. 
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Such a frequency increase has been observed in tunicates exposed to tributyltin (93). Vesicular 
cell function is largely unknown although they have been observed to be involved with 
phagocytosis in the sea squirt Phallusia mammillata (Cuvier, 1815) (94) and the inflammatory 
response in the sea squirt Ciona intestinalis (Linnaeus, 1767) (91,95–97). 
The findings in the present study can be compared directly to morphology studies done 
on other bivalve species. From a broad morphological standpoint, E. leei seems to have a 
hemocyte population similar to other most other bivalves, as they possess both hyalinocytes and 
granulocytes of various sizes. This includes the closest relative to E. leei with hemocyte data 
available, E. siliqua (29). Differential hemocyte counts revealed that E. leei has hemolymph 
dominated largely by granulocytes (77%) (Figure 2.7.), which is not unusual among bivalves. 
Other bivalves with hemocyte populations comprised of over 75% granulocytes include Mytilus 
edulis Linnaeus, 1758 (29) E. siliqua (29), C. chione (88) and Mya arenaria Linnaeus, 1758 
(98). 
The average total hemocyte count of E. leei was 1.96 x 106 cells mL-1, which seems to 
fall into the low range of bivalve average THCs. The bivalves Argopecten irriadians (37.5 x 106 
cells mL-1) (99), E. siliqua (6.48 x 106 cells mL-1) (29) M. edulis (5.68 x 106 cells mL-1) (29), T. 
philippinarum (5.02 x 106 cells mL-1) (79) and Pinctada fucata (Gould, 1850) (4.9 x 106 cells 
mL-1) (69) all have higher THC than E. leei while C. gigas (1.6 x 106 cells mL-1) (100) and C. 
chione (1.2 x 106 cells mL-1) (88) both had lower THCs. It should be kept in mind that 
comparing total and differential hemocyte counts across many studies often does not account for 
possible seasonal variation, as has been observed in C. gigas (100). This includes the current 
work for which counts should only be considered representative of the winter season. Still, these 
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results indicate substantial differences are present in the total hemocyte counts among various 
bivalve species and therefore must be examined on a species by species basis.  
The TEM work revealed at least two morphologically distinct types of granules are 
present in E. leei granulocytes. Multiple granule types have also been identified in a variety of 
other bivalves such as P. imbricata Röding, 1798 (92), C. gigas (81), and S. glomerata (76). The 
function of each granule type is unclear at the moment however the presence of dense patches of 
red granules in neutral red preparations indicates at least one of the granule types has low pH 
contents. Neutral red staining has been used to confirm the presence of lysosomes in P. 
imbricata (92); hence, the conclusion that that at least one of the granule types found in E. leei is 
a lysosome. The small-medium sized electron dense granules are likely to be lysosomes as these 
were found in high enough densities to be comparable to the densities found in neutral red-
stained granulocytes. Release of electron dense granules in response to phagocytosis of latex 
beads has been recorded in Crassostrea virginica (Gmelin, 1791) (101), which suggests that 
some of the electron dense granules in E. leei may have hydrolytic enzymes. The differences in 
electron density of the granules could thus be in part due to variations of hydrolytic enzyme 
contents. Various hydrolytic enzyme contents have already been detected in other bivalves such 
as M. arenaria (98) and M. edulis (29).  
Evidence from work on the oyster C. rhizophorae (Guilding, 1828) (102) suggests that all 
hemocyte types in that oyster are actually different developmental stages of a single cell line. 
This could be the case for E. leei; however, it is also possible there are two different stem cells as 
discussed above. Whichever the case, it is likely that granulocytes would degranulate if 
pathogens or environmental stressors are present (102). After degranulation, the granulocyte 
would likely have an abundance of empty vesicles and become a vesicular cell. The information 
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from the present study neither confirms nor denies that all the E. leei hemocyte types described 
here are part of one or more cell lines as functional studies are still needed. The morphology of 
each hemocyte type established in the current work provides the foundation for these functional 
studies.  
2.5. Conclusion 
This study represents the first published record of E. leei hemocytes, as well as the first 
TEM work on any razor clam species. The data presented here is both the start of the 
investigation into E. leei hemocytes, and the foundation for future functional characterization 
studies. These studies should focus on assessing the capacity of E. leei hemocytes to perform 
immune functions known to occur in most other bivalve species such as phagocytosis, 
production of reactive oxygen species, and melanization (15). 
This data is also valuable to growers as it gives them an idea of what kinds of total and 
differential hemocyte counts to look for to identify healthy broodstock clams. Having the 
established morphologies of the hemocytes also allows growers to identify if there are any 
irregularly shaped cells in the hemolymph, which can serve as warning signs of neoplasia 
(cancer) (103). Cell counts and morphology can be looked at quickly, which enables growers to 
make on-farm decisions about which animals to remove and which ones to use as broodstock. 
The cell counts of E. leei however may change with the season. In the next chapter, the cell 
counts of healthy E. leei will be examined over the course of year to address this. 
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CHAPTER 3 
IMMUNE CAPACITY OVER THE COURSE OF A YEAR 
3.1. Introduction 
Internal immune capacity is the ability of an organism to mount an immune response 
against a pathogen that has penetrated past the host’s exterior barriers. Studying the internal 
immune capacity of razor clams, Ensis leei, can help determine how these animals are impacted 
by current or future environmental conditions. Internal immune capacity of invertebrates is 
usually determined through assays on the circulating blood cells responsible for carrying the 
immune response, hemocytes. Internal immune capacity can be assessed by studying the 
hemocytes directly (THC, differential hemocyte counts, phagocytosis activity) as well as the 
antimicrobial substances they produce (lysozyme, reactive oxygen species, nitric oxide, 
phenoloxidase) (29,70,71). Assessing many of these parameters concurrently in conjunction with 
a pathogen challenge can give researchers a more complete understanding of an animal’s 
immune capacity than measuring a single parameter alone would. Using this method, previous 
studies have shown bivalve immunity can be impacted by a variety of environmental factors such 
as pollutant concentrations, food availability, temperature, salinity, oxygen levels, and pH (104). 
The immune parameters of bivalves often follow an annual cycle. This is driven by 
environmental factors that change with the season such as temperature, hours of daylight, and 
reproductive status (100,105–108). Knowing whether the immune capacity of a given species 
follows a seasonal pattern is essential to a successful aquaculture operation. Information on 
immune capacity cycles can help growers further refine their broodstock collection period by 
notifying them when bivalves have the highest immune capacity. Data on seasonal cycles is also 
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helpful to researchers since it tells them whether the results from an experiment will vary 
depending on the season it is performed. 
 When assessing clam health, the acidity of the sediments they live in are particularly 
important to monitor. Studies that monitor marine sediment acidity are still few in number, and 
more will be required as sediment acidification intensifies and spreads. Sediment acidification is 
driven by organic matter. The pH drop often leads to the reduction of carbonate saturation state 
(Ω). Calcium carbonate (CaCO3) is formed and dissolved according to the following equation: 
CaCO3 ↔ Ca2+ + CO32- 
where Ca2+ is the concentration of calcium ions and CO3
2- is the concentration of carbonate ions. 
As pH decreases, excess hydrogen ions (H+) bind to carbonate ions to form bicarbonate ions 
(HCO3
-) and thus decrease the concentration of carbonate ions available. This can reduce the Ω, 
which can be calculated using the following equation: 
Ω = [CO32-] [Ca2+]/K*sp 
where K*sp is the stoichiometric solubility product, dependent on the carbonate mineral phase 
(aragonite, calcite, low Mg calcite, high Mg calcite), temperature, salinity, and pressure. Usually, 
calcium ions are readily available in marine environments so the concentration of carbonate ions 
usually drives the Ω (109). Precipitation of the calcium carbonate (CaCO3) shells that 
invertebrates need to survive is thermodynamically favored when Ω > 1 while dissolution is 
thermodynamically favored when Ω < 1 (110). Invertebrates are still capable of producing 
calcium carbonate when Ω < 1, however they must pay a higher metabolic cost to do so (111–
113). 
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 The goal of this study was to determine which, if any, components of E. leei’s internal 
immune capacity are seasonal. This was done by collecting clams regularly over the course the 
year and measuring total number of hemocytes, types of hemocytes (differential hemocyte 
count), and percent of hemocytes capable of phagocytosing bacteria. The wet flesh weight and 
dry shell weight were also recorded in order to calculate an overall health condition index as 
done in Vázquez et al. 2013 (114). 
3.2. Methods 
3.2.1. Sediment and Clam Collection 
Sediment and clams (shell length 17.6 ± 0.9 cm) were collected from a site near Dobbins 
Island in Beals, ME (44°30'25.0"N 67°36'15.1"W) on 10 sample dates (spread across December 
2016 to December 2017) from the lowest portion of the intertidal zone, which was exposed only 
during astronomically low tides. Samples could not be collected in January, August, and 
September due to adverse weather conditions and tides that did not go out far enough. On each 
sampling trip, the pH values of the overlying water, as well as the sediment at 0-3 cm (surface 
sediment), 4-7 cm, and 12-15 cm depth were recorded from 10 mL water samples taken via a 20 
mL syringe (n = 3 for each depth) and expelled into 15 mL tubes. The contents of the tubes were 
then immediately analyzed with an Accumet portable pH meter (model AP115) equipped with an 
Accumet pH/ATC probe. The sphere of influence for a 10 mL draw in the sediment was 
determined to be 3 cm or less based on another study that used the syringe method (115). Pore 
water samples were then gently poured into 15 mL tubes, each containing 10 µL of saturated 
mercuric chloride solution to preserve the sample until it could be analyzed for TA. The tubes 
were then inverted five times to insure the mercuric chloride spread throughout the sample. 
Overlying water temperature and salinity also were recorded using the pH probe and an ATC 
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portable refractometer. The top ~20 cm of sediment was collected using a shovel and transferred 
to the laboratory in 5-gallon buckets. All rocks and large invertebrates were removed from the 
shoveled sediment using a sieve with 2.54 mm mesh size within 10 hr of sediment collection.  
The titrations for TA were done back at the University of Maine using the open cell 
titration method (116), but was modified for smaller sample volumes. A 5 mL sample was placed 
into a 15 mL tube and titrated with 0.01N hydrochloric acid prepared using a 33 ppt NaCl 
background solution down to a pH of 3.00. The pH and temperature were recorded. Mixing 
between acid additions was achieved by moving the probe up and down. The Ωar was calculated 
from total alkalinity, pH, and salinity values using CO2SYS (ver. 2.1 http://cdiac.ess-
dive.lbl.gov/ftp/co2sys/) and the K1 and K2 values recommended for estuarine waters (117). 
3.2.2. Experimental Setup 
The sediment collected on each trip was distributed among 6 rectangular polystyrene 
containers measuring 18   12.5  12.5 cm (height, length and width). Each container was filled 
to the 15 cm depth with sieved sediment and placed within an aquarium (75 L capacity) that had 
been filled with  ̴ 60 L of 33 ppt artificial seawater made with Tropic Marin Pro Reef mix. Each 
container then had a single clam (shell length 17.6 ± 0.9 cm) added to each of them. All clams 
buried into their respective sediments within an hour. The aquarium was constantly aerated with 
aquarium air pumps and water at the surface level of the sediment was kept in constant motion 
using an aquarium circulation pump (Hydor Koralia, 240 GPH). Aquarium water pH, 
temperature, salinity, and dissolved oxygen were recorded using the Accumet® portable pH 
meter, a refractometer, and a YSI EcoSense® dissolved oxygen meter (model DO200A). All 
clams were sampled and removed from the aquarium within 30 hours of being taken from the 
collection site. 
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3.2.3. Bacteria Preparation 
 The Serotype 02β V. anguillarum strain NV15812 was selected for use with the 
phagocytosis assay in this study since it had been modified to carry the broad-host-range plasmid 
p67T1 that encodes ampicillin resistance and constitutive production of the red fluorescent 
protein d-Tomato (118). Vibrio anguillarum carrying p67T1 was grown at 22°C on a 1.5% agar 
made with 2.5% Difco Luria-Bertani Broth powder, 1.5% NaCl, and 600 µg ml-1 of ampicillin. 
This selective medium insured growth of a pure culture of V. anguillarum with d-Tomato. The 
bacteria was then re-suspended in a 33 ppt solution of filtered artificial seawater (made with 
Crystal Sea Marine Mix) at a concentration of about 2.0 x 108th cells ml-1 (0.2 absorbance at 620 
nm). 
3.2.4. Hemocyte Collection and Total Counts 
 Within 30 hours of clam collection, hemolymph was withdrawn from the mid-section of 
the foot using a 1 mL syringe fitted with a 23-gauge needle. A slight but constant pressure was 
maintained until hemolymph started to flow in the syringe. After removing the needle, the 
hemolymph (1 ml per draw) was expelled into a 30 mL tube (topped with a Fisherbrand 100 µm 
cell strainer) kept on ice containing 1.5 mL of 2.5% sodium citrate (Fisher Scientific). This was 
repeated so a total of 2 mL of hemolymph could be collected from each clam. A separate 30 mL 
tube was used for each clam. Cell counts were carried out on the tube contents using a 
hemocytometer and the cell count was adjusted down to 1.0 x 106 cells/ml if needed using 
filtered artificial seawater (FASW).  
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3.2.5. Hemocyte Distribution and Incubation for Immune Assays 
The hemolymph from each tube was distributed via pipette across three wells (300 µl per 
well) of a 24 well culture plate for differential hemocyte counts and trypan blue exclusion cell 
viability assay (120). May-Grünwald stain (80 µl) was added to one well for the differential 
hemocyte counts. The remaining hemolymph was distributed to two cover slips (300 µl each) for 
later use with the phagocytosis assay. The plates and cover slips were then incubated at 20°C for 
45 min to allow hemocytes to attach. During this incubation period, the wells with May-
Grünwald stain in them were then photographed on an inverted microscope so differential 
hemocyte counts could be obtained. Unattached hemocytes were then washed away from the rest 
of the wells and cover slips using two 500 µl rinses of FASW. After the overlying solutions were 
removed, both of the cover slips and 1 of the wells had 200 µl of the V. anguillarum solution 
placed on them. The remaining well had FASW placed on it to serve as a control. The cover slips 
were incubated for 3.5 hours and then photographed under a combination of fluorescent (wave 
length) and white light. The 24 well plate was incubated for five hours at 20°C before 50 µl of a 
0.22 µm filtered 0.3% trypan blue solution was added. The hemocytes in these wells were then 
photographed using a camera mounted on an inverted microscope. All cell counting for 
subsequent analysis was done manually using the cell counter tool in ImageJ photo software 
(ver. 1.8.0 for windows https://imagej.nih.gov/ij/download.html). 
3.2.6. Differential Hemocyte Count Analysis 
 A total of at least 150 hemocytes over 6 fields of view were counted for each clam from 
micrographs. Each hemocyte was identified as either a granulocyte or hyalinocyte based on the 
presence or absence of their granules (appearing as purple circles when stained) respectively. 
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The percent granulocytes present in a given animal was calculated by dividing the number of 
granulocytes by the total number of hemocytes counted per animal and then multiplying by 100. 
3.2.7. Phagocytosis Analysis 
 For each animal, at least 100 hemocytes were counted across two cover slips. At least six 
fields of view were used per cover slip. Hemocytes that had one or more V. anguillarum cells 
within them (visible due to red fluorescence) were counted as phagocytic hemocytes while those 
with no V. anguillarum cells were counted as non-phagocytic hemocytes. The number of 
phagocytic hemocytes was then divided by the total number of hemocytes and multiplied by 100 
to obtain the percent phagocytic hemocytes for a single animal. All the percent phagocytic 
hemocyte values within a given treatment group was used to calculate the average for that group. 
3.2.8. Condition Index Calculation and Check for Gonads 
After hemolymph extraction, the clam meat was shucked and immediately weighed. The 
mass of the hemolymph drawn from the meat was added to the weight. In addition, shell mass 
was recorded to the nearest 0.1g after being allowed to dry for at least 24 hours on bench top at 
21-23°C. The condition index was then calculated by dividing the wet meat weight by the dry 
shell weight and multiplying by 100 (114). Values for this condition index usually range from 75 
to 250 and are unitless. Values get smaller as flesh weight decreases and shell mass stays the 
same. Insufficient food sources as well as some diseases can lead to this. Values get larger when 
flesh mass increases faster than shell growth, which is the case when clams build up their 
gonads. The presence or absence of ripe gonads was also noted for each clam through visual 
inspection for a white or beige mass on the anterior abductor muscle. If a one of these masses 
was present, it was viewed under the microscope to insure it was gonad. 
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3.2.9. Statistical Analysis 
 One-way ANOVA was used to check for the presence of significant differences between 
any of the data points taken over the course of the year for each clam health parameter. The 
Pearson correlation test was used to test if the parameters that had a difference in their data set 
were correlated to temperature, which was used as a proxy for the seasonality. GraphPad Prism 
(ver. 8.0.1 https://www.graphpad.com/scientific-software/prism/) was used to generate figures 
and perform statistical tests. All data analyzed passed normality and equal variance tests. All 
tests were performed at the 0.05 significance level. 
A power analysis was carried out with the goal of determining if the statistical tests 
carried out had sufficient power and minimum detectable difference to detect the mean 
differences observed in the data. G*Power (ver. 3.1.9.2 https://g-power.apponic.com/) was used 
to determine the power and effect size of each statistical test used. Effect size was expressed as 
the number of standard deviations from the mean. The minimum detectable difference was then 
calculated from the effect size by multiplying the average standard deviation of all groups for a 
given health parameter by the effect size. The minimum detectable difference was then compared 
to the differences between means.  
3.3. Results 
3.3.1. Environmental Conditions 
 The temperature and salinity of the water at the collection site changed throughout the 
year. Average overlying water temperature and salinity ranges were 0.0 to 19.1°C and 30 to 35 
ppt respectively over the course of the sampling period. Average pH ranges of the overlying 
water, sediment surface, 4-7 cm depth and 12-15 cm sediment depth were 7.67 to 8.04, 6.51 to 
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7.30, 6.95 to 7.31, and 7.10 to 7.50 respectively. Average total alkalinity ranges of the overlying 
water, 0-3 cm sediment depth, 4-7 cm sediment depth and 12-15 cm sediment depth were 1490 
to 2633, 1147 to 3760, 1417 to 3760, and 777 to 4187 µmol kg-1 respectively. The Ωar ranges of 
the overlying water, sediment surface, 4-7 cm depth and 12-15 cm sediment depth were 0.64 to 
1.09, 0.07 to 0.24, 0.06 to 0.28, and 0.10 to 0.48 respectively. 
 
 
 
 
 
 
Figure 3.1. Temperature and salinity of the water at the collection site. Error bars = ± S.D, n = 3 
for each point.  
0
5
1 0
1 5
2 0
2 8
3 0
3 2
3 4
3 6
T
e
m
p
e
r
a
tu
r
e
 (

C
)
S
a
lin
ity
S a lin ity
T e m p e ra tu re  ( C )
1
2
-1
3
-1
6
2
-2
7
-1
7
3
-2
9
-1
7
4
-2
9
-1
7
5
-2
9
-1
7
6
-2
7
-1
7
7
-2
6
-1
7
1
0
-6
-1
7
1
1
-4
-1
7
1
2
-2
-1
7
51 
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Figure 3.2. The pH and aragonite saturation state of the collection site. (A) The pH of the 
sediments and overlying water at the collection site over the course of a year. (B) The aragonite 
saturation state of the sediments and overlying water at the Beals Island collection site over the 
course of a year. Error bars = ± S.D, n = 3 for each point. 
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3.3.2. Hemocyte Counts 
 Average THCs and granulocyte proportion ranges were 1.80 x 106 to 6.07 x 106 cells mL-
1 and 63% to 77% granulocytes respectively over the course of the sampling period. The THCs 
did not stay constant across all sample dates (ANOVA, p = 0.0131), and positively correlated 
with the temperature of the collection site water (Pearson correlation, p = 0.001) (Figure 3.3.). 
THC increased as waters got warmer and decreased as they got colder. Differential hemocyte 
counts also varied across sample dates, but only a few of the sample dates were different from 
each other (ANOVA, p = 0.0405). Differential hemocyte counts did not correlate with 
temperature (Pearson, p = 0.7908). The granules of the granulocytes stained dark purple while 
hyalinocytes appeared clear or lightly stained.  
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Figure 3.3. Hemocyte counts of E. leei. All E. leei were taken from the collection site and 
sampled within 30 hours of collection. (A) Total hemocyte counts of E. leei taken from the 
collection site over the course of the year. p = 0.001 for correlation test between hemocyte counts 
and temperature (Pearson). (B) Percent granulocytes of E. leei hemocytes taken from the 
collection site over the course of the year. p = 0.791 for correlation between hemocyte counts 
and temperature (Pearson). Error bars = ± S.D, n = 3-4 clams per point. 
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3.3.3. Phagocytosis 
Average phagocytic activity ranged between 49 to 88% over the course of the sampling 
period. The percent phagocytic cells did not stay constant across all sample dates (ANOVA, p < 
0.001), and was not correlated with the temperature of the collection site water (Pearson 
correlation, p = 0.324) (Figure 3.4.). Vibrio anguillarum were clearly visible since they remained 
fluorescent even after they were internalized. 
 
 
 
 
 
 
 
Figure 3.4. Phagocytic activity of E. leei hemocytes. All animals were sampled within 30 hours 
of collection. p = 0.324 for correlation between percent phagocytic hemocytes and temperature 
(Pearson). Error bars = ± S.D, n = 3-4 clams per point. 
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3.3.4. Condition Index and Percent Ripe 
Average condition index ranged from 129-189 over the course of the sampling period. 
The condition index did not stay constant across all sample dates (ANOVA, p < 0.001), but did 
not correlate with the temperature of the collection site water (Pearson correlation, p = 0.905) 
(Figure 3.5.A). The condition index did not stay constant across all sample dates (ANOVA, p < 
0.001), and did not correlate with temperature of the collection site water (Pearson correlation, p 
= 0.905) (Figure 3.5.A). Gonads only were present in the sample points at warmest time of the 
year (5-29-17, 6-27-17, and 7-26-17) and their presence was correlated with temperature 
(Pearson, p = 0.025). 
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Figure 3.5. Overall condition of E. leei. (A) Condition index and (B) percent of E. leei 
individuals with ripe gonads taken from the collection site over the course of the year and 
sampled within 30 hours. p = 0.905 and 0.0205 for condition index and percent ripe clams with 
temperature respectively (Pearson). Error bars = ± S.D, n = 3-4 clams per point. 
  
5 0
7 5
1 0 0
1 2 5
1 5 0
1 7 5
2 0 0
2 2 5
0
5
1 0
1 5
2 0
(w
e
t 
fl
e
s
h
/s
h
e
ll
 m
a
s
s
)*
1
0
0
T
e
m
p
 (
C
)
C o n d it io n  In d e x
T e m p e ra tu re  ( C )
1
2
-1
3
-1
6
2
-2
7
-1
7
3
-2
9
-1
7
4
-2
9
-1
7
5
-2
9
-1
7
6
-2
7
-1
7
7
-2
6
-1
7
1
0
-6
-1
7
1
1
-4
-1
7
1
2
-2
-1
7
0
2 5
5 0
7 5
1 0 0
0
5
1 0
1 5
2 0
%
 o
f 
C
la
m
s
 w
it
h
 R
ip
e
 G
o
n
a
d
s
T
e
m
p
 (
C
)
%  R ip e
T e m p e ra tu re  ( C )
1
2
-1
3
-1
6
2
-2
7
-1
7
3
-2
9
-1
7
4
-2
9
-1
7
5
-2
9
-1
7
6
-2
7
-1
7
7
-2
6
-1
7
1
0
-6
-1
7
1
1
-4
-1
7
1
2
-2
-1
7
57 
 
3.3.5. Power Analysis 
The power of the one-way ANOVAs (n of all groups combined = 37) was determined to 
be 0.86 at an effect size of 0.8. This means there was a 86% chance to correctly identify a 
difference among the means if that difference was 0.8 average standard deviations or larger. The 
value that 0.8 average standard deviations equates to for a given measured parameter is called the 
minimum detectable difference. The mean detectable differences for each health parameter were 
smaller than all but the smallest mean differences among the groups in their respective one-way 
ANOVA. The differences too small for the test to detect were only 4% or less of the average 
mean. This indicates the sample size was sufficiently large to detect most of the observed mean 
differences. The power of the Pearson correlation tests (n of temperature and health parameter 
data combined = 67) was determined to be 0.93 at an effect size of 0.4. This effect size was small 
enough to detect correlations where present. 
3.4. Discussion 
 Results of the clam health survey show the THCs and proportion of clams with ripe 
gonads were correlated to collection site temperature while phagocytic activity, condition index, 
and granulocyte proportion are not (Figs 3.3-3.5). THCs and percent of clams with ripe gonads 
were lower in the colder months and higher in the warmer ones. These parameters also had 
similar values at the December collection points in 2016 and 2017, which suggests these 
parameters follow an annual cycle (Figs. 3.3., 3.5.B). It is likely then that THC and gonad 
ripeness are dependent upon the season since temperature was used as a proxy for seasonality. 
 The THCs likely increased in response to the higher temperatures as has been reported in 
many other bivalve field studies (105,108,121). The increase in heart rate of bivalves with 
warmer temperatures has been suggested as the primary reason for the THC increase (122). 
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Increasing THC count also better prepares bivalves for the greater number of pathogens present 
in the warmer months (123,124). The THC count increase in the current study may have resulted 
from hemocyte proliferation and/or hemocyte migration from tissues into the hemolymph (125).  
The percent of clams with ripe gonads likely correlated with temperature because E. leei 
follows a seasonal spawning cycle with spawning occurring in the warmer months (1). 
Unfortunately, the exact month(s) the E. leei spawn(s) in the current study could not be 
pinpointed since the sample point at the end of August could not be obtained. Field studies on 
other bivalves have shown most bivalves have at least one simultaneous spawning event in the 
warmer portion of the year (105,121). The link between the bivalve reproductive cycle and 
temperature also can be seen in hatcheries, where an increase in temperature is often used to 
induce spawning (7). The reproductive state of bivalves can also affect THC since additional 
hemocytes are produced after spawning to resorb left over sex cells (104). This may have 
contributed to the THC increase in the current study since the month with the highest average 
THC (give the name of the month) came just after a potential spawning month for E. leei (Figure 
3.3.A). 
 Phagocytic activity, condition index, and granulocyte proportion did not correlate to 
temperature and thus are not considered seasonal in E. leei. It is not unusual for some health 
parameters among bivalves to follow a seasonal cycle while others do not, even within the same 
species (104). Results from laboratory tests can also differ from field tests. For example, 
phagocytosis rates of bivalve hemocytes usually follow temperature trends in laboratory 
experiments however this is usually not always the case with field experiments (126,127). This is 
likely because of the variety of changing environmental parameters (temperature, hour of air 
exposure, hours of daylight, salinity, sediment chemistry, etc) to which the animals are subjected 
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in the wild. All of these environmental parameters also can have synergetic effects on clam 
health parameters since the animals can potentially be exposed to changes in all of them at the 
same time. In addition, each health parameter may respond differently to the environmental 
conditions. Even within the same size range, differences can exist between individual animals as 
well. Energy reserves, metabolic rates, and parasite loads are just a few of the biological factors 
that can differ among individuals at any given sample point and impact immunity parameters 
(77,128,129). 
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3.5. Conclusion 
The lack of correlation between phagocytic activity, condition index, and granulocyte 
proportion and seasonality highlight how unpredictable the effects of environment factors in the 
field can be in E. leei. The variability of the hemocyte system is likely due to a combination of 
both internal and environmental factors. For this reason, any researchers looking to carry out lab 
experiments should sample a portion of their animals close to collection time so they can check if 
the animals in their control group have been impacted by holding conditions. Laboratory 
mesocosms can never replicate the natural environment exactly but checking the health 
parameters of interest against animals freshly acquired from the environment will make it more 
likely the results will hold true for animals in the field. 
 The fact that proportion of ripe clams and total hemocyte counts follow a seasonal 
cycle makes it easier for both E. leei growers and stock regulators to monitor the health of E. leei 
stocks. Growers can check the health of their broodstock during any season they need to 
knowing what the approximate cell count and of a healthy clam is for the given season. The time 
to collect that broodstock in the Beals, ME area seems to be in late May, when clams with ripe 
gonads start appearing. Stock regulators now also have a seasonal baseline for total hemocyte 
counts they can compare results to when monitoring E. leei stocks for any changes in health. In 
these ways, the seasonal E. leei data can serve as a tool to aid growers and stock regulators alike.  
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CHAPTER 4 
METHOD FOR MANIPULATING SEDIMENT ACIDIFICATION 
4.1. Introduction 
 Sediment acidification is caused by rapid decay of organic matter and often leads to 
decreases in sediment pore water pH, alkalinity, and carbonate saturation state. Most 
acidification occurs at the sediment-water interface because oxygen is required for rapid organic 
matter decomposition, which is generally only available in the top few centimeters (50,130). In 
coastal environments, there is an abundance of organic matter settling from the water column 
above to fuel this process. Organic matter, however, is not evenly distributed on the sediment 
surface. Large concentrations of organic matter can be deposited on the sediment surface through 
die-offs of algal blooms that result from nutrient run-off from the land (131). This organic matter 
can then be relocated through the burrowing action of benthic macrofauna, which also affects 
sediment exposure to oxygen (130). As a result, the sediment surface pH can vary significantly 
from 6.0 to 8.2 across different sites and times of the year (130,132). Values on the lower end of 
this range have been observed at intertidal locations in both the Bay of Fundy (132) and the coast 
of Maine (60,133).   
Sediment acidification has already been identified as a major environmental stressor for a 
variety of clam species, including, the soft-shell clam M. arenaria (60,61,109), the hard shell 
clam M. mercenaria  (60,134), and the Manila clam R. philippinarum  (135). Young clams are 
particularly vulnerable to this stressor. M. arenaria in the ~0.2 mm size class begin to suffer 
increased mortality rates at sediment pH < 7.3. Clams become more resilient to the stressor as 
they grow larger (~0.4 mm M. arenaria survival is not impacted until pH 7.0; (60), but even R. 
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philippinarum adults have 100% mortality after being exposed to pH 6.1 sediments for 10 days 
(135). The need to cope with acidic sediments becomes especially important for razor clams, 
such as the Atlantic jackknife clam E. leei. This species must spend the majority of its life at the 
surface of the sediment due to its short siphons, and has no way to seal its soft tissues off from 
the external environment (1). It is essential to protect these clam species as they have ecologic 
and economic value (1,136). 
Laboratory studies can be used to assess how much acidification each clam species can 
tolerate, and these results would be valuable to the growers. Techniques for manipulating and 
monitoring seawater chemistry by changing the carbonate concentration in the laboratory setting 
are well defined (116,137). Techniques for manipulating marine sediment chemistry by changing 
carbonate concentration are still in development. Furthermore, research on the impacts of 
sediment acidification on infaunal marine bivalves is limited (136). The majority of laboratory 
studies conducted involving sediment acidification impacts on clams make use of quick bursts of 
CO2 gas to acidify the sediment while air from an aquarium pump is bubbled in a control group. 
This method produces a stable sediment pH; however, it does not mimic the natural acidification 
process, which is driven by the microbial decay of organic matter (136).  
Adding crushed bivalve shells has been shown to increase sediment pH, and thus, might 
serve as a natural method of restricting the sediment pH in the laboratory to collection site 
values. An increase of ~0.3 pH units was achieved using crushed M. arenaria shells (1 mm grain 
size) during a 30 day field study (138).  Field sediments also have been successfully buffered 
using a mix of 70% C. gigas shells and 30% mixed-species clam shells crushed to a grain size of 
5 cm or less. Sediments treated with this mixture were ~0.2 pH units higher than untreated 
sediments after 55 days (139). The controlled conditions of laboratory aquaria should allow for 
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these field methods to be modified so that the crushed shell counteracts the acidification caused 
by the sediment bacteria without raising the pH higher than collection site values. 
The current work explores how coastal sediments can be acidified in the laboratory using 
the natural metabolic processes of sediment bacteria. Spreading crushed E. leei shell is proposed 
as a method to counteract acidification and keep the sediment chemistry close to collection site 
parameters in the control group. Acidifying sediment in the laboratory using the decay of the pre-
existing organic matter would allow the creation of mesocosms that more closely mimic the 
natural environment. The primary concern with this method, however, is the pH stability that is 
largely dependent on the metabolic processes of the sediment bacteria with respect to the 
production of carbonate species (130). The carbonate chemistry of coastal sediments housed in 
recirculating aquaria were monitored over 74 days at 24°C and 6.5°C. In addition, stability of the 
solution chemistry was assessed once acidification ceased. The reported solution chemistry 
parameters included sediment pH, total alkalinity, and aragonite saturation state (Ωar), because 
aragonite (see Chapter 1 for further details on aragonite) is the calcium carbonate mineral phase 
found in most clam shells (140,141). Successful manipulation of sediment chemistry allows for 
testing the acidification tolerance of clams as well as other burrowing invertebrate species in the 
laboratory. 
4.2. Methods 
4.2.1. Sediment and Shell Collection 
Sediment was collected from a site near Dobbins Island in Beals, Maine (44°30'25.0"N 
67°36'15.1"W) during the summer 2017 from a 10 square meter region in the lowest portion of 
the intertidal zone. This area was exposed only during astronomically large tides and well 
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populated with E. leei. The pH values of the overlying water, as well as the sediment at 0-3 cm 
(surface sediment), 4-7 cm, and 12-15 cm depth were recorded from 10 mL water samples taken 
via a 20 mL syringe (n = 3 for each depth) and expelled into 15 mL tubes. The contents of the 
tubes were then immediately analyzed with an Accumet portable pH meter (model AP115) 
equipped with an Accumet pH/ATC probe. The sphere of influence for a 10 mL draw in the 
sediment was determined to be 3 cm or less based on another study that used the syringe method 
(115). Pore water samples were then gently poured into 15 mL tubes, each containing 10 µL of 
saturated mercuric chloride solution to preserve the sample until it could be analyzed for total 
alkalinity. The tubes were then inverted five times to insure the mercuric chloride spread 
throughout the sample. Overlying water temperature and salinity were also recorded using the 
pH probe and an ATC portable refractometer (n = 3 for each). The top ~20 cm of sediment (~ 18 
L) was collected using a shovel and transferred to the laboratory in 5-gallon buckets. Sediment 
cores (n = 2) also were taken from the collection site by pushing 50 ml polypropylene centrifuge 
tubes straight down into the sediment to a depth of ~6 cm. These cores, in addition to 3 samples 
of sieved (2.54 mm mesh) sediment from the top ~20 cm, were analyzed later for water content, 
grain size distribution, and percent organic matter (see section below for full methods). All rocks 
and large invertebrates were removed from the shoveled sediment using a sieve with 2.54 mm 
mesh size within 10 hr of sediment collection. Dead valves of E. leei also were collected at the 
Beals Island site. The shells were later rinsed with distilled water and heated (~100 °C for 2 hr) 
before they were ground up to a grain size of < 3 mm using a mortar and pestle. E. leei shells 
were chosen because they are made primarily of aragonite, which dissolves faster than other 
forms of calcium carbonate (141,142). 
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4.2.2. Water Content, Grain Size, and Percent Organic Matter of Sediment 
Mean percent organic matter and sediment grain size distribution was determined for 
both 6 cm sediment cores (n = 2) and sieved (2.54 mm mesh) sediment from the top ~20 cm (n = 
3). Organic matter analysis on cores was performed for the 0-2, 2-4, and 4-6 cm sections of each 
core. Grain size analysis was carried out on the sediment from the entirety of the 2 cores 
combined as well as 3 samples (~100 g each) from the sediment collected by shovel from the top 
~20 cm of the sediment. All sediment was dried at 120°C for 24 hours to determine both water 
content and prepare it for analysis. Percent water content was determined by dividing the mass of 
the dried sediment by the wet sediment, multiplying it by 100, and then subtracting it from 100. 
Grain size analysis was carried out by putting dried sediment through a series of sieves stacked 
on top of each other (143). The sieve numbers and mesh sizes used going from the top to the 
bottom of the stack were #20 (840 µm), #40 (425 µm), #60 (250 µm), #20 (75 µm). The mass of 
the sediment remaining on each sieve was divided by the initial mass of the dry sample before 
being sieved and multiplied by 100 to determine the percent composition for each grain size 
range. The sediment was then characterized according to 4 grain size categories: gravel or very 
coarse sand (greater than 840 µm), coarse to medium sand (840-425 µm), fine to very fine sand 
(425-75 µm), and silt or mud (less than 75 µm) (144). Percent organic matter was determined 
using the loss on ignition method. The weight of the sediment after combustion at 550°C was 
subtracted from the initial dry weight of the sediment. This was then divided by the initial dry 
weight and multiplied by 100 to obtain the percent organic matter (145). 
4.2.3. Experimental Setup 
To determine how temperature affects sediment acidification rates, the sediment was 
distributed among 12 rectangular polystyrene containers measuring 18   12.5  12.5 cm (height, 
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length and width). Each container (henceforth referred to as sediment beds) was filled to 15 cm 
with sieved sediment and placed within 6  75 L aquaria (2 beds per aquarium) filled with 30 ppt 
artificial seawater made with Tropic Marin Pro Reef mix for 74 days. Three aquaria were kept at 
a mean (± 1 SE) of 24 ± 0.04°C (using aquarium heaters, while the other three were kept at 6.5 ± 
0.03°C using chillers. All aquaria were constantly aerated although one of the air pumps used for 
a 24°C aquarium failed during the experiment (this aquarium was removed from the data set). On 
day 33, one sediment bed was taken out from each aquarium to have 150 g of crushed E. leei 
shell (1.4 g cm-2) added to its sediment surface to determine if crushed shell can bring the pH 
back up to the levels found at the collection site. The crushed shell was then lightly pressed into 
the top one centimeter of sediment by hand before the sediment beds were slowly placed back 
into respective aquaria. All aquaria were covered with black polythene for the first 10 days of the 
experiment to reduce the light levels during the initial acidification of the sediment that limited 
potential photosynthetic activity from diatoms present on the sediment surface. 
4.2.4. System Monitoring and Data Analysis 
Monitoring of pH and total alkalinity of these 4 different groups of sediment beds over a 
74-day period allowed for observation of both short and long term trends of sediment chemistry. 
Pore water samples were taken via syringe at the top of the sediment column (0-3 cm) at every 2-
3 days, and from the middle (4-7 cm) and bottom (12-15 cm) depths at every 10-12 days. pH of a 
10 mL pore water sample (extracted via syringe) was measured immediately after being expelled 
into a 15 mL tube which was then poisoned with 10 µL of saturated mercuric chloride to 
preserve the sample until it could be analyzed for total alkalinity. Titrations for total alkalinity 
were carried out using the open cell titration method (116), but was modified for smaller sample 
volumes. A 5 mL sample was placed into a 15 mL tube and titrated with 0.01N HCl prepared 
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using a 30 ppt NaCl solution down to a pH of 3.00. The pH and temperature were recorded. 
Mixing between acid additions was achieved by moving the probe up and down. The Ωar was 
calculated from total alkalinity, pH, and salinity values using CO2SYS (ver. 2.1 http://cdiac.ess-
dive.lbl.gov/ftp/co2sys/) and the K1 and K2 values recommended for estuarine waters (117). pH, 
total alkalinity, and Ωar of the three measured depths and overlying water were then compared to 
each other using one-way ANOVA and Tukey’s multiple comparisons tests. Linear regression 
analysis was used to determine if significant changes in pH, alkalinity, or Ωar occurred in any of 
the treatments being kept in the aquaria by testing if the line of best fit had a slope significantly 
different from zero. Repeated measures one-way ANOVA followed by Tukey’s multiple 
comparisons was used instead of linear regression for the 4-7 and 12-15 cm depths of the 
treatments with crushed shell since only 3 data points were acquired for these depths. All data 
analyzed met normality and equal variance assumptions. GraphPad Prism (ver. 8.0.1 
https://www.graphpad.com/scientific-software/prism/) was used to generate figures and perform 
statistical tests (all at the 0.05 significance level). 
4.3. Results 
4.3.1. Collection Site Sediment Chemistry and Composition 
 The pH of the collection site sediment was lowest at the surface and increased with depth. 
Mean pH of the surface sediment (6.75 ± 0.06) was significantly lower than the sediment at the 
12-15 cm depth (7.14 ± 0.07) (Tukey’s multiple comparison test, p = 0.009), but none of the 
other depths were significantly different from each other (Tukey’s multiple comparison test, p ≥ 
0.183). Mean pH of the water overlying the sediments (7.79 ± 0.01) was significantly higher than 
at any of the measured sediment depths (Tukey’s multiple comparison test, p < 0.001 for all 
comparisons), which were 6.75 ± 0.06 (0-3 cm), 6.95 ± 0.08 (4-7 cm), and 7.14 ± 0.07 (12-15 
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cm) (Figure 4.1.). No significant differences in total alkalinity occurred between the overlying 
water (1947 ± 18 µmol kg-1) and any of the sediment depths, which were 3760 ± 540 (0-3 cm), 
3843 ± 328 (4-7 cm), and 4187 ± 1426 (12-15 cm) µmol kg-1 (Tukey’s multiple comparison test, 
p ≥ 0.254). In addition, no significant differences in total alkalinity were detected among any of 
those sediment depths (Tukey’s multiple comparison test, p ≥ 0.979). Mean Ωar followed the 
same trends as mean pH. That is, the overlying water was saturated with respect to aragonite 
(just over 1.0), and all measured sediment depths were undersaturated with respect to aragonite 
with means ranging from ~0.1 to ~0.7. Both the sediment surface (0.22 ± 0.05) and 4-7 cm depth 
(0.30 ± 0.04) had amean Ωar significantly lower than that of the overlying water (1.05 ± 0.03) 
(Tukey’s multiple comparison test, p ≤ 0.005). Surface sediment had a lower mean Ωar (0.22 ± 
0.05) than the 4-7 cm (0.30 ± 0.04) and 12-15 cm depths (0.67 ± 0.2) did, but there were no 
significant differences between any of these sediment depths (Tukey’s multiple comparison test, 
p ≥ 0.066) (Figure 4.2.). The average salinity and temperature of the overlying water was 30 ppt 
and 19.1°C respectively. 
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Figure 4.1. Sediment and overlying water pH at collection site. Samples were taken on 6/27/17. 
Each bar represents an average. The “water col” label indicates pH of the overlying water. n = 3 
per bar. Error bars = standard error of the mean. 
 
 
 
 
 
 
 
 
Figure 4.2. Sediment and overlying water aragonite saturation state at collection site. Samples 
were taken 6/27/17. Each bar represents an average. The “water col” label indicates pH of the 
overlying water. n = 3 per bar. Error bars = standard error of the mean. 
 
  
w a te r  c o l 0 -3 4 -7 1 2 -1 5
5 .5
6 .0
6 .5
7 .0
7 .5
8 .0
S e d im e n t D e p th  (c m )
p
H
 (
N
B
S
 s
c
a
le
)
w a te r  c o l 0 -3 4 -7 1 2 -1 5
0 .0 0
0 .2 5
0 .5 0
0 .7 5
1 .0 0
1 .2 5
S e d im e n t D e p th  (c m )
A
r
a
g
o
n
it
e
 S
a
tu
r
a
ti
o
n
 S
ta
te
70 
 
The 6 cm sediment cores from the site had a water content of 31%. Sediment cores were 
comprised of 17.3% gravel or very course sand (greater than 840 µm), 5.0% coarse to medium 
sand (840-425 µm), 76.0% fine to very fine sand (425-75 µm), and 1.7% silt or mud (less than 
75 µm). The sieved sediment from the top ~20 cm had a water content of 30.4%. This sediment 
was comprised of 9.5% gravel or very coarse sand, 4.1% coarse to medium sand, 84.6% fine to 
very fine sand, and 1.8% of silt or clay. The organic matter of all the sediment was between 4.0 
and 4.3%. 
4.3.2. Solution Chemistry of Aquarium Water 
 Mean pH of the overlying water in all aquaria remained between 7.83 and 8.11 for the 
duration of the experiment (Figure 4.3.A), although the gradual increase from the low to high 
end of this range was significant at 24°C (linear regression for 24°C, p < 0.001; linear regression 
for 6.5°C, p = 0.114). Changes in total alkalinity varied with temperature. The total alkalinity 
significantly increased in the 24℃ group from 2420 ± 40 to 3360 ± 470 µmol kg-1 during the 
experiment (linear regression, p < 0.001). In the 6.5℃ group, the total alkalinity fluctuated 
between 2467 ± 587 and 3140 ± 68 µmol kg-1 (linear regression, p = 0.034) (Figure 4.3.B). The 
Ωar at both temperatures followed the trends observed in total alkalinity (Figure 4.3.A). In the 
24°C group, mean Ωar increased significantly from approximately 1.6 to 3.4 (linear regression, p 
< 0.001) while the 6.5°C group fluctuated between 0.9 and 1.5 (linear regression, p = 0.006) 
(Figure 4.3.A).  
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Figure 4.3. Means of overlying tank water pH, aragonite saturation state, and total alkalinity. 
Graphs showing the pH, aragonite saturation state (A), and total alkalinity (TA) (B) of the 
overlying water in both 6.5℃ and 24℃ tanks over time. Blue points represent the 6.5℃ tanks (n 
= 3 per point) while red points represent the 24 ℃ tanks (n = 2 per point). Error bars are ± 
standard error of the mean.  
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4.3.3. Chemistry of Sediment with No Crushed Shell 
Significant acidification of the surface sediment from initial mean pH values (~6.9) to a 
final mean pH ~6.0 was achieved in all sediment beds without crushed shell (linear regression, p 
< 0.001; Figure 4.4.A). The time that it took to reach this pH and time the pH remained around 
this value were temperature dependent. For the 24°C treatment, mean pH dropped below 6.0 
after 8 days, while for the 6.5 °C treatment, it took 20 days. Mean pH for the 24 °C and 6.5 °C 
treatment was ≤ 6.0 for 18 and 28 days, respectively (Figure 4.4.A). Mean pH of the sediment at 
4-7 cm followed a similar trend but never went below 6.4 (Figure 4.4.B). Mean pH values at 12-
15 cm sediment depth remained between 6.6 and 7.0 (Figure 4.4.C).  
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Figure 4.4. Mean sediment pH and aragonite saturation state (no crushed shell). Graphs showing 
the pH and aragonite saturation state of the sediment beds that had no crushed shell added. Each 
graph represents a different sediment depth: (A) 0-3 cm; (B) 4-7 cm; and, (C) 12-15 cm. Blue 
points represent the 6.5 ℃ tanks (n = 3) while red points represent the 24 ℃ tanks (n = 2). Error 
bars represent ± standard error of the mean. 
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Total alkalinity (TA) of the surface sediment followed the same trends observed in the 
pH. Mean TA of the 24°C and 6.5°C sediment surface groups significantly decreased from their 
respective initial values of 4095 ± 145 and 3063 ± 554 µmol kg-1 down to 410 ± 310 and 560 ± 
285 µmol kg-1 by day 39 (linear regression, p = 0.006 for 24°C and p < 0.001 for 6.5°C) before 
starting to increase (Figure 4.5.A). At the 4-7 cm depth, an increase mean TA in the 24°C group 
was detected from 3820 ± 200 to 9935 ± 2695 µmol kg-1. In contrast, mean TA in the 6.5°C 
treatment decreased from 3023 ± 168 to 2433 ± 508 µmol kg-1 (Figure 4.5.B). Neither of these 
changes in TA at the 4-7 cm depth were significant (linear regression, p = 0.066 for 24°C and p = 
0.352 for 6.5°C). At the 12-15 cm depth, mean TA increased in the 24°C treatment over the 
duration of the experiment from 3885 ± 575 to 14505 ± 6965 µmol kg-1, but high variation 
between replicates prevented this increase from being statistically significant (linear regression; 
p = 0.172). In the 6.5°C treatment, mean TA fluctuated between 3513 ± 941 – 5907 ± 490 µmol 
kg-1 (linear regression; p = 0.951) (Figure 4.5.C). 
  
75 
 
A  
 
 
 
 
 
B 
 
 
 
 
 
 
C 
 
 
 
 
 
 
 
Figure 4.5. Mean sediment total alkalinity (no crushed shell). Graphs showing the total alkalinity 
(TA) of the sediment beds that had no crushed shell added. Each graph represents a different 
sediment depth: (A) 0-3 cm; (B) 4-7 cm; and, (C) 12-15 cm. Blue points represent the 6.5℃ 
tanks (n = 3) while red points represent the 24℃ tanks (n = 2). Error bars represent ± standard 
error of the mean.  
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 The Ωar for surface sediment followed the same pattern observed for the pH. Mean Ωar 
was the lowest at the sediment surface in both temperature treatments since it dropped below 
0.04 by day 20 and remained this low until day 53 (Figure 4.4.A). By the end of the experiment, 
mean Ωar at the 24°C had risen back to ~0.15 while mean Ωar at 6.5°C stayed below 0.04 (linear 
regression, p = 0.840 for 24°C and p = < 0.001 for 6.5°C). For sediments at the 4-7 cm and 12-15 
cm depths in the 6.5°C treatment, initial mean Ωar was ~0.25, which decreased significantly to 
~0.10 by the end of the experiment (linear regression, p ≤ 0.013). In the 24°C treatment, the Ωar 
of the 4-7 cm and 12-15 cm depths increased over the course of the experiment until they 
exceeded 0.5 and 1.0 respectively; however, the changes were not statistically significant (linear 
regression, p = 0.052 for 4-7 cm and p = 0.096 for 12-15 cm) (Figure 4.4.B; Figure 4.4.C).  
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4.3.4. Chemistry of Sediment with Crushed Shell 
When crushed shell was added on day 33, mean pH of the sediment surface increased 
from 6.24 ± 0.01 to 6.80 ± 0.02 for the 24°C treatment, and from 6.16 ± 0.03 to 6.55 ± 0.10 for 
the 6.5°C treatment within 6 days (Figure 4.6.A). During this time, mean TA also increased from 
790 ± 690 to 4585 ± 255 µmol kg-1 for the 24 °C treatment and from 443 ± 99 to 3816 ± 474 
µmol kg-1 for the 6.5°C treatment. The changes in sediment surface mean pH and mean TA for 
24°C and 6.5°C crushed shell groups over the course of the experiment were both statistically 
significant (linear regression, p ≤ 0.012). It is possible that mean pH and TA increases occurred 
in less than 3 days after the crushed shell addition since sediment chemistry was not checked 
sooner than this. The sediment surface mean Ωar (starting at ~0.01) significantly increased after 
the crushed shell was applied to 0.62 ± 0.01 and 0.22 ± 0.01 for the 24°C and 6.5°C treatments, 
respectively, by the end of the experiment (linear regression, p ≤ 0.001) (Figure 4.7.A). Mean 
pH, TA, and Ωar all remained above the values they reached after 6 days of exposure to crushed 
shell for the rest of the experiment. (Figure 4.6.A; Figure 4.7.A). A full layer of crushed shell 
was still visible on the sediment surface at the end of the experiment.  
78 
 
A.  
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
C 
 
 
 
 
 
 
 
Figure 4.6. Mean sediment pH and aragonite saturation state (with crushed shell). Graphs 
showing the pH and aragonite saturation state of the sediment beds after the addition of crushed 
shell 33 days after storage in the 20 gallon tanks. Each graph represents a different sediment 
depth: (A) 0-3 cm; (B) 4-7 cm; and, (C) 12-15 cm. Blue points represent the 6.5℃ tanks (n = 3) 
while red points represent the 24°C tanks (n = 2). Error bars represent ± standard error of the 
mean.  
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Figure 4.7. Mean sediment total alkalinity (TA) with crushed shell. Graphs showing TA of the 
sediment beds that had crushed shell added to them 33 days after being placed in the 20 gallon 
tanks. Each graph represents a different sediment depth: (A) 0-3 cm; (B) 4-7 cm; and, (C) 12-15 
cm. Blue points represent the 6.5°C tanks (n = 3 ) while red points represent the 24 °C tanks (n = 
2). Error bars represent ± standard error of the mean.  
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Some of the sediment chemistry parameters at the 4-7 cm depth of the crushed shell 
treatments also changed during the experiment. Mean pH remained between ~6.4 and ~6.8 in 
both temperature treatments (Figure 4.6.B), however, mean TA in the 24°C and 6.5°C treatments 
(initially 2915 ± 1425 and 3720 ± 702 µmol kg-1, respectively) increased to 15830 ± 7480 and 
6397 ± 610 µmol kg-1 within 20 days of crushed shell application (Figure 4.7.B). Mean aragonite 
Ωar at 24°C increased from an initial value of 0.12 ± 0.07 to 0.65 ± 0.05 after being exposed to 
crushed shell for 20 days, but in the 6.5°C treatment, mean Ωar remained around 0.10 (Figure 
4.6.B). The change in mean pH from day 53 to 74 at 6.5°C was statistically significant (Repeated 
measures ANOVA, p = 0.024; Tukey’s multiple comparison test, p = 0.024), but all other 
changes were not (Repeated measures ANOVA, p ≥ 0.107). 
 Sediment chemistry at the 12-15 cm depth of the groups treated with crushed shell were 
relatively stable for the duration of the experiment. Mean pH for both temperature groups varied 
between 6.75 and 7.00 for the duration of experiment (Figure 4.6.C). Mean TA for the 24°C 
treatment increased from 10975 ± 1455 µmol kg-1 on day 33 to 15780 ± 1090 µmol kg-1 on day 
53, but the change was not significant (Repeated measures ANOVA, p = 0.431). The increase in 
the 6.5°C treatment from 5637 ± 43 to 7247 ± 123 µmol kg-1 during this period however was 
significant (Repeated measures ANOVA, p = 0.008; Tukey’s multiple comparison test, p = 
0.006) (Figure 4.7.C). Mean Ωar for the 24°C treatment increased from 0.72 ± 0.14 to 1.25 ± 0.06 
by day 53, but this change was not statistically significant (Repeated measures ANOVA, p = 
0.308). No significant changes were detected in the Ωar of the 6.5°C treatment, which remained 
around 0.25 (Repeated measures ANOVA, p = 0.138) (Figure 4.6.C). 
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4.4. Discussion 
 Sediment acidification rate is temperature dependent because it is fueled by the 
metabolism of the resident bacteria. Consequently, incubation temperature will dictate the 
duration of a stable surface sediment pH. Two different temperatures (6.5°C and 24°C) were 
used to demonstrate the effect temperature has on acidification rate, and the stability of pH and 
total alkalinity. At both temperatures, surface sediment pH stabilized at ~6.0 before starting to 
increase, possibly because of the limitation on the bioavailable organic matter (130). In the 24°C 
group, mean pH began to increase ~30 days sooner than the pH of sediments in the 6.5°C group 
because bacteria consume their substrates faster at higher temperatures (Figure 4.4.A) (146). The 
surface sediment at both temperatures reached a pH of 6.2–6.5 by the end of the experiment 
(Figure 4.4.A). The majority of acidification occurs in the top few centimeters of the sediment in 
natural settings due to the availability of oxygen. This allows for the rapid production of CO2 
(which decreases pH) during aerobic respiration and oxidation of H2S from depth, which lowers 
pH when it is converted into H+ and SO2-4 (147). The ammonia and phosphate produced during 
organic matter remineralization increase pH but many times more CO2 is produced than 
ammonia or phosphate on a molar basis (130,148,149). Mean pH changed in the mid depths of 
the sediment during the trial, but only about half as much as occurred at the surface sediment 
(Figure 4.4.B). The sediments at the bottom of the beds and the overlying water however both 
had a stable pH for the duration of the experiment (Figure 4.3.A; Figure 4.4.C). This may be 
because some of the CO2 produced from the various types of anaerobic respiration at lower 
depths of the sediment column were used to fuel methanogenesis, the type of anaerobic 
respiration used when CO2 is the only electron acceptor available (130). 
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Mean total alkalinity levels of the overlying water and surface sediment followed the pH 
trends. The total alkalinity levels of the 4-7 and 12-15 cm sediment depths in the 24°C treatment; 
however, did not follow pH trends. Instead, they increased over time to values that were at least 
double the collection site averages (Figure 4.5.B, Figure 4.5.C, Figure 4.7.B, Figure 4.7.C). Total 
alkalinity increased with depth in the sediment beds regardless whether shell was added to the 
surface (Figure 4.5.; Figure 4.7.). The total alkalinity of the 24℃ overlying water also increased 
over time but not in the 6.5°C overlying water (Figure 4.3.B). This suggests that the increase in 
mean total alkalinity may have been caused by sulfate reduction occurring at depth in the 
sediment (150). Sulfate reduction produces alkalinity, but the added alkalinity can be removed 
by regular water exchange between the sediment and water column (150). The absence of water 
changes in the current study likely allowed alkalinity to build up in the sediments and thus act as 
an alkalinity source to the overlying waters. The rate of microbial metabolism increases with 
temperature, which is likely why the large total alkalinity increases were seen only in the 24°C 
group (151). Changing the overlying water regularly should prevent total alkalinity increases 
from occurring in the overlying water and sediment depths. 
 Mean pH, total alkalinity, and Ωar of the 24°C and 6.5°C acidified surface sediments all 
increased from the time of crushed shell application such that the Ωar reached values equal or 
greater to those found at the collection site surface sediment (0.22 ± 0.05) by the end of the 
experiment (Figure 4.6.A; Figure 4.7.A). The crushed shell might also be applied to the sediment 
before it acidifies as a preventive measure as other researchers have done (60,138). A treatment 
with a similarly sized material not made of calcium carbonate (such as gravel) was not used in 
the current study so it is difficult to pinpoint how much of the change in chemistry is due to 
possible mixing of overlying water with sediment pore water and how much of it was due to 
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CaCO3 dissolving. Either way, the crushed shell seems to be an effective of way of counteracting 
natural surface sediment acidification in the lab. A single treatment of 150 grams crushed shell 
per sediment bed (spread evenly across the sediment surface to obtain 1.4 g cm-2) kept sediment 
pH at ~7.0 for at least a month (Figure 4.6.A). All treated sediment beds had a full layer of 
crushed shell at the end of the experiment, which indicates there was likely enough crushed shell 
remaining to buffer the surface sediments beyond a month. Researchers may be able to obtain the 
same effect with less crushed shell than 150 grams if they crush the shell down to a size of 1 mm 
instead of the 3 mm size used in the current study, since smaller shell pieces dissolve faster 
(138).  
 The method described here can be used to acidify surface sediments for experiments with 
benthic organisms lasting about around 30 days if a sediment surface pH of around 6.0 is desired. 
The possibility exists for experiments to be carried out with sediment surface pH values around 
6.5 after 55 days of incubation at 24°C, but the stability of this pH past 13 days is unknown. This 
would allow researchers to investigate effects of short-term or medium-term sediment 
acidification impacts on benthic organisms. The organisms to be used in an experiment should 
not be added to the sediment until after the initial sediment incubation period of 10 to 20 days 
(depending on researcher’s choice of temperature) in the aquaria to insure the chemistry has 
stabilized within the desired range. Crushed shell should be added to the sediment beds intended 
to be used as controls at the start of the sediment incubation period to keep chemistry similar to 
that of the collection site. Regardless of the desired pH or temperature, it should not be assumed 
that this method works the same for all types of sediments because the sediment pH can change 
with organic matter content and grain size (132). Researchers should run a preliminary 
experiment with the sediment they intend to use in their experiments to insure acidification 
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intensity and duration are sufficient for the planned experiment. Application of crushed shell as a 
way to counteract (buffer) acidification in control groups should be included in the preliminary 
experiment. The duration and temperature of the sediment incubation as well as the crushed shell 
amounts can all be modified to meet the researcher’s needs. 
 The natural acidification method may not be suitable for all acidification experiments 
since it has some limitations. Temperature affects a variety of biological and physiological 
processes (such as behavioral responses of clams to acidification), which can cause confounding 
effects when trying to measure the impacts of both acidification and temperature together (152). 
A control and acidified group with replicate tanks should be run at each temperature so the 
effects of temperature alone can be isolated. If only one temperature is being used then 
experiments can be run for as long as the sediment chemistry will stay within the desired range. 
Sediment pH can only be constrained to values of ~6.0 or ~6.5 rather than the wide range of 
values that can be obtained by bubbling CO2. The sediment must also be collected at least 10 
days before the animals are placed in the sediment to allow for acidification to take place. Spatial 
and temporal variation in sediment bacterial populations between different samples of sediment 
may also affect the acidification rates. Multiple sediment beds should be used within each group 
of the experiment to help account for this. If other environmental parameters or pollutants are 
being tested, in addition to sediment chemistry, the researchers must insure during a preliminary 
trial to determine if the additional variable(s) impact the acidification rate of the sediment. 
 Other methods exist to acidify sediments, although they each have their own set of 
limitations as well (136). The method used most often is to bubble CO2 gas directly into the 
sediment. This allows for precise control of the sediment pH for any duration, but does not 
mimic natural acidification. Gelatin can be placed under the acidified sediment to keep the pH 
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stable in both lab and field sediments, but the stability remains for a short duration (e.g., 24-48 
hours) (109). Another method is to find sediments already at the desired pH in the field and 
collect them using a core sampler. This method mimics the natural environment but can only be 
used for short-term experiments since the native sediment bacteria will begin to change the 
sediment chemistry (109).  
4.5. Conclusion 
 The primary purpose of the current work was to show that natural acidification is possible 
in the laboratory. The method described here can be used to acidify naturally the surface of 
sediments that consist of at least 70% fine to very fine sand kept within recirculating aquaria 
down to pH ~6.0 and an Ωar ~0 for 20 to 50 days, depending on temperature (Figure 4.4.A). This 
pH corresponds to some of the more acidic values recorded in surface sediments (132). Adding 
crushed shells of E. leei to the sediment surface increased the mean pH to values similar to those 
at the collection site (~6.8) within three days of application (Figure 4.6.A). Crushed shells can 
thus be used to maintain a control group with a pH close to that of the field sediment. Additional 
studies will be needed to test if the natural acidification method works with other sediment types 
as well as flow-through systems. There is no single method that can be used for all possible 
sediment acidification experiments; however, the current study should help expand the tool kit 
for researchers studying the effect of sediment acidification on benthic organisms.  
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CHAPTER 5 
SEDIMENT PH AND TEMPERATURE EFFECTS ON 
ENSIS LEEI IMMUNE CAPACITY 
5.1. Introduction 
 The pH values of surface sediments can range from 6.0-8.2 across various marine 
environments including temperate and tropical coastal seas, and deep-sea sediments. This means 
the sediment surface is often more acidic than the seawater above it (130,132). The sediment 
acidification is caused by the rapid decay of organic matter at the sediment surface often leads to 
the release of CO2 as well as decreases in sediment pore water pH, alkalinity, and Ωar. The most 
intense acidification occurs at the sediment surface because oxygen is required for rapid organic 
matter decomposition, which is usually only available in the top few centimeters (50,130). 
Organic matter settling from the water column above fuels this process. Organic matter, 
however, is not evenly distributed on the sediment surface. In coastal areas, large concentrations 
of organic matter can be deposited on the sediment surface through die-offs of algal blooms that 
result from nutrient run-off from the land (131). The organic matter can then be redistributed 
through the burrowing action of benthic macrofauna, which also affects sediment exposure to 
oxygen (130). Values on the lower end of the 6.0-8.2 range have been observed at individual 
sites in both the Bay of Fundy (132) and the coast of Maine (60,133), making sediment 
acidification a concern for these areas. Sediment acidification is expected to intensify in the 
future although the site-specific nature of sediment acidification and limited data available make 
it difficult to predict how quickly acidified areas will expand (134,153). 
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  One of the primary concerns with sediment acidification is its impact on clams. For 
example, soft-shell clams have great economic value, with commercial landings in Maine worth 
over $16,000,000 in 2018 alone (154). The developing clam aquaculture industry has the 
potential to create even more revenue by supplying clams to offset the decreasing yields of wild 
harvests (155). Research on the impacts of sediment acidification on clams is still in its infancy, 
but studies done to date indicate changes in sediment pH (lowering) can affect shell formation, 
burrowing behavior, rate of heavy metal uptake, and mortality rate (109,135,138). In some cases, 
pH levels in the field have been low enough to dissolve clam shells (60). Impacts of sediment pH 
on clam immunity are currently unknown.  
 Coping with corrosive sediments is particularly important for razor clams, such as the 
Atlantic jackknife clam E. leei. This species must spend the majority of its life at the surface of 
the sediment due to its short siphons and has no way to seal its soft tissues off from the external 
environment (1). Although very little is known about the potential pathogens of E. leei (1), the 
potential remains for sediment acidification to impact the health of E. leei. Information on the 
health of the E. leei will be needed to assess the health of stocks as the razor clam aquaculture 
industry develops in the Northeast. 
 The goal of the current study was to assess if the immune capacity of E. leei is impacted 
by temperature and acidified sediment, as both individual and combined stressors. Surface 
sediment acidification was achieved by incubating the sediment beds in recirculating aquaria, 
allowing the sediment bacteria to produce CO2 as they metabolize the organic matter in the 
sediment. A series of hemocyte parameters were measured to determine immune capacity after 
30 days of exposure to experimental treatments, including total hemocyte counts, differential 
hemocyte counts, cell viability, and proportion of phagocytic cells. In addition, a condition index 
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was calculated using the wet flesh and dry shell weight as an overall health indicator. These 
parameters were measured in clams less than 30 hours after they were removed from their 
natural habitat to determine if holding the clams in aquaria altered any of the parameters. 
5.2. Methods 
5.2.1. Sediment and Clam Collection 
Sediment and clams (shell length 17.6 ± 0.9 cm) were collected from Dobbins Island in 
Beals, ME (44°30'25.0"N 67°36'15.1"W) in November 2017 from the lowest portion of the 
intertidal zone, which was exposed only during astronomically low tides. A separate trip was 
made for just sediment in October 2017. The pH of the overlying water, as well as the sediment 
at 0-3 cm (surface sediment), 4-7 cm, and 12-15 cm depth were recorded from 10 mL pore water 
samples taken via a 20 mL syringe (n = 3 for each depth). The contents of the tubes were 
immediately analyzed with an Accumet portable pH meter (model AP115) equipped with an 
Accumet pH/ATC probe. The sphere of influence for a 10 mL draw in the sediment was 
determined to be 3 cm or less based on a separate study that used the syringe method (115). Pore 
water samples were gently poured into 15 mL tubes, each containing 10 µL of saturated mercuric 
chloride solution to preserve the sample until it could be analysed for total alkalinity. The tubes 
were inverted five times to insure the mercuric chloride spread throughout the sample. Overlying 
water temperature and salinity were also recorded using a pH probe and an ATC portable 
refractometer.  
The top ~20 cm of sediment was collected using a shovel and transferred to the 
laboratory in 5-gallon buckets. All rocks and large invertebrates were removed from the 
sediment using a sieve with 2.54 mm mesh within 10 hr of sediment collection. Ensis leei shells 
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also were collected at the Dobbins Island site for later application as a buffering agent on the 
sediment to be used in the experiment. Upon return to laboratory, shells were rinsed with 
distilled water and heated (~100 °C for 2 hr) before they were ground up to a chip size of < 3 
mm using a mortar and pestle. Ensis leei shells were chosen because they are made primarily of 
aragonite, which dissolves faster than other forms of calcium carbonate (141,142). 
5.2.2. Experimental Setup 
The sediment collected in October was distributed among 16 rectangular polystyrene 
containers measuring 18   12.5  12.5 cm (height, length and width). Each container was filled 
to 15 cm with sieved sediment and placed within eight aquaria (75 L capacity) filled with about 
60 L of 33 ppt artificial seawater made with Tropic Marin Pro Reef mix. Each aquarium had two 
of the sediment containers placed in them. In each aquarium, one sediment container was briefly 
removed to add 50 g of crushed E. leei shell (0.5 g cm-2) sprinkled on its surface to keep pH 
levels similar to collection values. The sediment containers were then incubated for 14 days at 10 
± 0.2°C (mean ± standard deviation) to allow acidification to occur in the containers that had no 
crushed shell added. Another four sediment containers were prepared in November (on the same 
day all clams were collected) and distributed among four of the aquaria. At this point, half of the 
aquaria had three sediment containers in them and half of the aquaria had two sediment 
containers in each of them. A single clam was placed on the surface of the sediment in each of 
these sediment containers. All clams buried into their respective sediments within an hour. Less 
than 30 hours after being placed on the sediment, the aquaria with three clams each had a clam 
sampled and removed from the November sediment container. All of the November sediment 
containers were then removed from the aquaria so that each one had two sediment containers 
containing a clam remaining (one treated with crushed shell and one without). The seawater 
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temperature in half of the tanks was then gradually raised over a 10-day period to 20 ± 0.5°C 
using aquarium heaters, while the other four remained at 10 ± 0.2°C. Tanks were maintained at 
these temperatures for the 30-day experimental exposure period that began after this acclimation 
period. The four treatment groups were as follows: 6.8 pH (Ωar 0.19 ± 0.01) sediment at 10°C 
(control group), 6.8 pH (Ωar 0.22 ± 0.13) sediment at 20°C, 6.0 pH (Ωar 0.01 ± 0.01) at 10°C, and 
6.1 pH (Ωar 0.04 ± 0.05) sediment at 20°C. Each of these groups was replicated four times with 
one clam in each of the sediment containers. All tanks were kept in the same laboratory and 
constantly aerated with aquarium air pumps and water at the surface level of the sediment was 
kept in constant motion using an aquarium circulation pump (Hydor Koralia, 240 GPH). The 
clams were fed ad libitum with instant algae (shellfish diet 1800, Reed Mariculture) on a daily 
basis during the both the acclimation and exposure periods. 
5.2.3. System Monitoring 
Tank water pH, temperature, salinity and dissolved oxygen were monitored daily using 
the Accumet® portable pH meter, a refractometer, and a YSI EcoSense® dissolved oxygen meter 
(model DO200A) respectively. The pH, salinity, and TA of the sediment was monitored via pore 
water samples taken by syringe at the top of the sediment column (0-3 cm) every 2-3 days, and 
from the middle (4-7 cm) and bottom (12-15 cm) depths at the start and end of the exposure 
period. The pH and salinity of pore water was measured immediately after 10 mL of it was 
expelled into a 15 mL tube that was then poisoned with 10 µL of saturated mercuric chloride to 
preserve the sample until it could be analyzed for TA. The titrations for total alkalinity were 
performed using the open cell titration method (116), which was modified for the smaller sample 
volumes used in this analysis. A 5 mL sample was placed into a 15 mL tube and titrated with 
0.01N hydrochloric acid prepared using a 33 g/L NaCl solution down to a pH of 3.00. Mixing 
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between acid additions was achieved by moving the probe up and down. The Ωar was calculated 
from TA, pH, and salinity values using CO2SYS (ver. 2.1 http://cdiac.ess-
dive.lbl.gov/ftp/co2sys/) and the K1 and K2 values recommended for estuarine waters (117). A 
90% water change was carried out on all tanks on a weekly basis to maintain water quality. 
Water quality was monitored using API® ammonia, nitrite, and nitrate test kits.  
5.2.4. Burrowing Rates and Survival 
 Each of the four treatments had four replicates comprised of a single clam in a single 
sediment container. All of these clams burrowed into their respective sediment beds within an 
hour of being placed there. All clams in the 10°C 6.0 pH group survived the 30-day exposure 
period while three clams survived in the 10°C 6.8 pH group and 20°C 6.1 pH group. Only one 
clam in the 20°C 6.8 pH group survived. 
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Table 5.1. Summary of environmental data from collection site and laboratory aquaria over the 
course of the experiment. The dissolved oxygen of all tanks was always kept above 7.50 mg/L 
through constant aeration. pCO2 and Ωar were calculated for each tank using CO2SYS from the 
temperature, salinity, pH and total alkalinity values. All values are means ± SD. 
  
Sample Description Salinity 
(ppt) 
Temp 
(˚C) 
pH 
(NBS 
Scale) 
Total 
Alkalinity 
(µmol kg-1) 
pCO2 
µatm 
Ωar 
Collection site overlying 
water 
33 7.2 ± 0.1 7.74 ± 
0.02 
2263 ± 40 762 1.03 ± 
0.03 
Collection site sediment, 
0-3 cm deep    
33 7.1 ± 0.1 7.18 ± 
0.30 
2083 ± 263 3298 0.31 ± 
0.18 
Collection site sediment, 
4-7 cm deep    
33 6.8 ± 0.1 7.29 ± 
0.02 
2053 ± 407 2220 0.32 ± 
0.06 
Collection site sediment, 
12-15 cm deep    
33 6.7 ± 0.1 7.24 ± 
0.06 
1653 ± 625 2047 0.23 ± 
0.09 
20°C tank water 33 20.0 ± 
0.5 
7.95 ± 
0.06 
3099 ± 369 718 3.55 ± 
0.64 
20°C tank sediment,  
0-3 cm deep, no shell 
33 20.0 ± 
0.5 
6.05 ± 
0.24 
1915 ± 2253 44052 0.04 ± 
0.05 
20°C tank sediment,  
4-7 cm deep, no shell 
33 20.0 ± 
0.5 
6.82 ± 
0.18 
2526 ± 1494 8910 0.25 ± 
0.20 
20°C tank sediment,  
12-15 cm deep, no shell 
33 20.0 ± 
0.5 
6.98 ± 
0.20 
2466 ± 1431 6723 0.34 ± 
0.24 
20°C tank sediment,  
0-3 cm deep, w/shell 
33 20.0 ± 
0.5 
6.78 ± 
0.17 
2527 ± 1525 11859 0.22 ± 
0.13 
20°C tank sediment,  
4-7 cm deep, w/shell 
33 20.0 ± 
0.5 
6.90 ± 
0.08 
2493 ± 794 7669 0.26 ± 
0.09 
20°C tank sediment, 
12-15 cm, w/shell 
33 20.0 ± 
0.5 
6.96 ± 
0.09 
2743 ± 566 7203 0.34 ± 
0.11 
10°C tank water 33 10.0 ± 
0.2 
7.90 ± 
0.05 
2896 ± 275 751 1.87 ± 
0.30 
10°C tank sediment,  
0-3 cm deep, no shell 
33 10.0 ± 
0.2 
6.00 ± 
0.24 
804 ± 648 16896 0.01 ± 
0.01 
10°C tank sediment,  
4-7 cm deep, no shell 
33 10.0 ± 
0.2 
6.66 ± 
0.18 
1565 ± 1032 8292 0.07 ± 
0.05 
10°C tank sediment,  
12-15 cm deep, no shell 
33 10.0 ± 
0.2 
6.92 ± 
0.17 
1706 ± 886 4254 0.15 ± 
0.11 
10°C tank sediment,  
0-3 cm deep, w/shell 
33 10.0 ± 
0.2 
6.82 ± 
0.18 
2894 ± 1320 10219 0.19 ± 
0.10 
10°C tank sediment,  
4-7 cm deep, w/shell 
33 10.0 ± 
0.2 
6.96 ± 
0.17 
2569 ± 728 6247 0.23 ± 
0.13 
10°C tank sediment,  
12-15 cm deep, w/shell 
33 10.0 ± 
0.2 
7.05 ± 
0.13 
2614 ± 482 5347 0.28 ± 
0.14 
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5.2.5. Bacteria Preparation 
 The Serotype 02β V. anguillarum strain NV15812 was selected for use with the 
phagocytosis assay in this study since it had been modified to carry the broad-host-range plasmid 
p67T1 that encodes ampicillin resistance and constitutive production of the red fluorescent 
protein d-Tomato (118). Vibrio anguillarum carrying p67T1 was grown at 22°C on a 1.5% agar 
made with 2.5% Difco Luria-Bertani Broth powder, 1.5% NaCl, and 600 µg ml-1 of ampicillin. 
This selective medium insured growth of a pure culture of V. anguillarum with d-Tomato. The 
bacteria was then re-suspended in a 33 ppt solution of filtered artificial seawater (made with 
Crystal Sea Marine Mix) at a concentration of about 2.0 x 108th cells ml-1 (0.2 absorbance at 620 
nm). 
5.2.6. Hemocyte Collection and Total Counts   
 At the end of the 30 day exposure period, hemolymph was withdrawn from the mid-
section of the foot using a 1 mL syringe fitted with a 23-gauge needle. A slight, but constant, 
pressure was maintained until hemolymph started to flow in the syringe. After removing the 
needle, the hemolymph (1 ml per draw) was expelled into a 30 mL tube (through a Fisherbrand 
100 µm cell strainer), kept on ice containing 1.5 mL of 2.5% sodium citrate (Fisher Scientific) to 
inhibit hemocyte aggregation, while still allowing for attachment after removal from ice. This 
was repeated so a total of 2 mL of hemolymph could be collected from each clam. A separate 30 
mL tube was used for each clam. Cell counts were carried out using a hemocytometer and the 
cell count was adjusted down to 1.0 x 106 cells/ml if needed using filtered artificial seawater 
(FASW).  
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5.2.7. Hemocyte Distribution and Incubation for Immune Assays 
The hemolymph from each tube was distributed via pipette into three wells (300 µl per 
well) of a 24 well culture plate for differential hemocyte counts and trypan blue exclusion cell 
viability assays. May-Grünwald stain (80 µl) was added to one well for the differential hemocyte 
counts. The remaining hemolymph was distributed to two cover slips (300 µl each) for later use 
with the phagocytosis assay. The plates and cover slips were then incubated at 20°C for 45 min 
to allow hemocytes to attach. During this incubation period, the wells containing the May-
Grünwald stain were photographed on an inverted microscope so differential hemocyte counts 
could be obtained. Unattached hemocytes were then washed away from the rest of the wells and 
cover slips using two 500 µl rinses of FASW. After the overlying solutions were removed, both 
of the cover slips and one of the wells received 200 µl of the V. anguillarum solution. The 
remaining well received FASW to serve as a control. The cover slips were incubated for 3.5 
hours and then photographed under a combination of fluorescent and white light. The 24 well 
plate was incubated for 5 hours at 20°C before 50 µl of a 0.22 µm filtered 0.3% trypan blue 
solution was added. The hemocytes in these wells were then photographed using a camera 
mounted on an inverted microscope. This procedure was carried out for all 11 (of an initial 16) of 
the surviving clams. All cell counting for subsequent analysis was done manually using the cell 
counter tool in ImageJ photo software (ver. 1.8.0 for windows 
https://imagej.nih.gov/ij/download.html). 
5.2.8. Differential Hemocyte Count Analysis 
 A total of at least 150 hemocytes over six fields of view were counted for each clam from 
micrographs. Each hemocyte was identified as either a granulocyte or hyalinocyte based on the 
presence or absence of their granules respectively. The percent granulocytes present in a given 
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sample was calculated by dividing the number of granulocytes by the total number of hemocytes 
counted per animal and then multiplying by 100 (120). 
5.2.9. Phagocytosis Analysis 
For each clam, at least 100 hemocytes were counted across two cover slips. At least six 
fields of view were used per cover slip. Hemocytes that had one or more V. anguillarum cells 
within them (visible due to red fluorescence) were counted as phagocytic hemocytes while those 
with no V. anguillarum cells were counted as non-phagocytic hemocytes. The number of 
phagocytic hemocytes was then divided by the total number of hemocytes and multiplied by 100 
to obtain the percent phagocytic hemocytes for a single clam. Averages for each treatment group 
were calculated by taking the average of all clams within that group. 
5.2.10. Cell Viability Analysis 
 A total of at least 50 hemocytes over four fields of view were counted for each well (two 
wells per clam) from micrographs. Each of these hemocytes was identified as non-viable or 
viable based on the presence or absence of trypan blue in the cell, respectively. The percent 
viable cells present in a given animal was calculated by dividing the number of cells that did not 
take up the trypan blue by the total number of hemocytes counted per animal and then 
multiplying by 100. 
5.2.11. Condition Index 
After hemolymph extraction, the clam meat was shucked and immediately weighed. The 
mass of the hemolymph drawn from the meat was added to the weight. The mass of the shell was 
recorded to the nearest 0.1 g after being allowed to dry for at least 24 hours on bench top at 21-
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23°C. The condition index was then calculated by diving the wet meat weight by the dry shell 
weight and multiplying by 100 (114). 
5.2.12. Statistical Analysis 
 Two-way ANOVA was used to check for the presence of significant differences caused 
by temperature (a = 2; 10oC vs. 20oC), pH (b = 2; 6.0 vs. 6.8), and the interaction between these 
variables in total hemocyte count, differential hemocyte count, phagocytosis, and condition index 
data sets. Tukey’s multiple comparisons test was used to determine which groups differed from 
each other if any significant effects were found in any two-way ANOVA test. A one-way 
ANOVA test was used to compare the hemocyte viability among all treatments since the purpose 
of the trypan exclusion test was to insure the hemocytes were still viable after being incubated at 
20°C for up to 5 hours. T-tests were used to compare the health parameters of clams held in 
recirculating tanks for 30 hours to those held for 41 days to determine if holding the clams in the 
aquaria impacted any of the health parameters. GraphPad Prism (ver. 8.0.1 
https://www.graphpad.com/scientific-software/prism/) was used to generate figures and perform 
statistical tests. All tests were run at the 0.05 significance level (alpha of 0.05). All data analyzed 
passed normality and equal variance tests. 
 A power analysis was run to determine if the statistical tests used had sufficient power 
and minimum detectable difference to detect the mean differences observed in the data. G*Power 
(ver. 3.1.9.2 https://g-power.apponic.com/) was used to determine the power and effect size of 
each statistical test used. Effect size was expressed as a number of standard deviations. For 
example, an effect size of 1.0 indicates the effect size that can be detected in that test is equal to 
1 standard deviation from the mean. If 1 standard deviation is equal to say 5% for a given health 
parameter then the minimum detectable difference for that test is 5%. Any differences between 
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means smaller than 5% would be undetectable by that test and the experiment would need to be 
run again with a greater sample size to detect differences smaller than 5%. For this reason, the 
minimum detectable difference was determined for each health parameter and compared to the 
differences between means. The number of clams needed in a re-run of the experiment was 
determined for each health parameter that had a minimum detectable difference larger than the 
differences observed between means. The total number of clams needed for re-runs of the 
experiment ranged from 32 to 72 for the two-way ANOVAs used to check for pH and 
temperature effects, and 34 to 500 for the t-tests used to determine if holding time affects health 
parameters.  
5.3. Results 
5.3.1. Total Hemocyte Counts 
 Neither pH nor temperature had a significant effect on THC (p = 0.790 and 0.868 
respectively). The two-way ANOVA interaction result indicated there was no significant 
interaction between pH and temperature (p = 0.515). The average THC for the 20°C 6.1 pH, 
20°C 6.8 pH, 10°C 6.0 pH, and 10°C 6.8 pH groups were 5.83 ± 3.01 x 106, 3.84 x 106, 3.08 ± 
2.29 x 106, and 4.52 ± 1.20 x 106 cells mL-1 respectively (Figure 5.1.A). The 2.5% sodium citrate 
solution and chilling with ice was an effective method of keep hemocytes from aggregating 
within the first few minutes of being drawn out of the clam (156) (Figure 5.1.B). The 2.5% 
sodium citrate, however, did not prevent the hemocytes from attaching to the substrate below 
them during the 20°C incubation period (Figure 5.1.C). 
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Figure. 5.1. Total hemocyte count results. (A) Graph showing average total hemocyte count. n = 
1 for the 20°C 6.8 pH group and n = 3-4 for all other groups. Errors bars represent ± SD. p = 
0.790, 0.868, and 0.515 for mean pH, temp, and interaction respectively (2-way ANOVA). (B) 
Micrograph shows E. leei hemocytes under phase contrast just after being drawn from clam foot. 
None of the hemocytes were attached to the well bottom at this point. (C) Micrograph of 
hemocytes attached to bottom of well after a 45 min incubation at 20°C.  
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5.3.2. Differential Hemocyte Counts 
Both pH and temperature had a significant effect on differential hemocyte counts (p = 
0.031 and 0.021 respectively). Tukey’s multiple comparisons tests for each possible group 
comparison, however, all returned a non-significant result (p ≥ 0.59). The two-way ANOVA 
interaction result indicated there was no significant interaction between pH and temperature (p = 
0.125). The mean percent granulocytes for the 20°C 6.1 pH, 20°C 6.8 pH, 10°C 6.0 pH, and 
10°C 6.8 pH groups were 58 ± 8%, 33%, 65 ± 7%, 59 ± 9% respectively (Figure 5.2.A). The 
granulocytes stained dark purple while hyalinocytes appeared clear or lightly stained. All cells 
appeared round since they were stained before they had a chance to attach to a solid substrate 
(Figure 5.2.B). 
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Figure 5.2. Differential hemocyte count results. (A) Graph showing average percent of 
hemocytes counted in differential stain micrographs that were granulocytes. n = 1 for the 20°C 
6.8 pH group and n = 3-4 for all other groups. Errors bars represent ± SD. p = 0.031, 0.021, and 
0.125 for mean pH, temp, and interaction respectively (2-way ANOVA). p ≥ 0.59 for multiple 
comparisons between all groups (Tukey’s multiple comparisons) (B) Micrograph shows E. leei 
hemocytes stained with May-Grünwald stain, which stains the granules purple. 
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5.3.3. Phagocytosis 
Neither pH nor temperature had a significant effect on the percent phagocytic cells (p = 
0.282 and 0.166 respectively). The average percent granulocytes for the 20°C 6.1 pH, 20°C 6.8 
pH, 10°C 6.0 pH, and 10°C 6.8 pH groups were 88.0 ± 7.0%, 82%, 91.5 ± 4.4%, 89.3 ± 4.2% 
respectively. The two-way ANOVA interaction result indicated there was no significant 
interaction between pH and temperature (p = 0.602) (Figure 5.3.A). Vibrio anguillarum were 
clearly visible since they remained fluorescent even after they were internalized (Figure 5.3.B). 
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Figure 5.3. Phagocytosis results. (A) Graph showing average percent of phagocytic cells. n = 1 
for the 20°C 6.8 pH group and n = 3-4 for all other groups. Errors bars represent ± SD. p = 
0.282, 0.166, and 0.602 for mean pH, temp, and interaction respectively (2-way ANOVA). (B) 
Micrograph shows hemocytes after being exposed to 2.0 x 108th cells ml-1 V. anguillarum for 3.5 
hours. 
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5.3.4. Cell Viability 
 There were no significant differences in cell viability among both treatment groups 
whether or not V. anguillarum was added (p = 0.687). Average cell viability was always at least 
91% after the cells had been incubated in the wells for 5 hours at 20°C. Standard deviation for 
cell viability never exceeded 5%. This indicated that the hemocytes were viable for the immune 
capacity assays since they were carried out within 5 hours of hemocyte extraction (Figure 5.4.A). 
Cells that were non-viable stained a dark blue while the viable ones remained clear (Figure 
5.4.B, C). 
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Figure. 5.4. Trypan blue exclusion viability test results. Viable cells remain unstained and the 
non-viable ones are stained blue. (A) Graph showing average percent of viable cells as 
determined by the trypan blue exclusion test. n = 1 for the 20°C 6.8 pH groups and n = 3-4 for all 
other groups. Errors bars represent ± SD. p = 0.687 (one-way ANOVA). (B) Micrograph of 
hemocytes (no V. anguillarum added) exposed to trypan blue stain. (C) Micrograph of 
hemocytes (with 2.0 x 108th cells ml-1 V. anguillarum added) exposed to trypan blue stain. 
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5.3.5. Condition Index 
Neither pH nor temperature had a significant effect on the condition index of the clams (p 
= 0.129 and 0.632 respectively). The two-way ANOVA interaction result indicated there was no 
significant interaction between pH and temperature on clam condition index (p = 0.544). The 
average condition index for the 20°C 6.1 pH, 20°C 6.8 pH, 10°C 6.0 pH, and 10°C 6.8 pH 
groups were 178 ± 11%, 131%, 175 ± 19%, 153 ± 48% respectively (Figure 4.5.). 
 
 
 
 
 
 
 
Figure 5.5. Condition index results. n = 1 for the 20°C 6.8 pH group and n = 3-4 for all other 
groups. Errors bars represent ± SD. p = 0.129, 0.632, and 0.544 for pH, temp, and interaction 
respectively (2-way ANOVA). 
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5.3.6. Laboratory Holding Effects on Measured Parameters 
 The t-tests for the THC, differential hemocyte count, phagocytic activity, and condition 
index of the clams held in recirculating aquaria for 41 days (11 acclimation days and 30 exposure 
days) returned a result which suggests the parameters do not differ significantly from the clams 
held in the aquaria for only 30 hours (p ≥ 0.09 for all comparisons; Figure 5.6.). Power analysis 
results, however, indicated the sample sizes were not sufficient for these tests to detect a 
significant difference in the observed differences. The holding effect experiment should be run 
again with greater numbers to confirm holding clams in aquaria for 41 days has no impact on 
health parameters (see section 5.3.7. for details). The data in the 41-day groups have been taken 
from the 10°C, sediment surface pH of 6.8 of the previous figures (Figure 5.1.A; Figure 5.2.A; 
Figure 5.3.A; Figure 5.4.A). The clams in the 30-hour group were held at 10°C in sediment taken 
from the collection site at the same time as the clams (Table 5.1.). 
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Figure 5.6. Health parameters of E. leei kept in ambient conditions compared to those in 
acidification trial. Treatment from acidification trial being used for comparison was the 10°C 
tank sediment, 0-3 cm deep, w/shell treatment shown in Table 5.1. Ambient condition clams 
were sampled within 30 hours of being removed from the collection site. n = 4 for the 30 hours 
group and n = 3 for the 41 day group. Errors bars represent ± SD. p ≥ 0.09 for the series of t-test 
run on the 2 groups in each graph. 
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5.3.7. Power Analysis 
The power of the two-way ANOVAs (total n of all groups = 11) was determined to be 
0.78 at an effect size (also known as the minimum detectable difference) of 1.3. This means there 
was a 78% chance to correctly identify a difference among the means if that difference was 1.3 
average standard deviations or larger. The minimum detectable differences for the differential 
hemocyte count, phagocytosis, and condition index data were all within the range of mean 
differences found although they were only lower than the differences of the higher side of the 
range for their respective data set. Sample size would need to be increased to 8 clams per group 
(total of 32 clams) to bring the effect size down to 0.7 while increasing power to 0.89. At an 
effect size of 0.7, the minimum detectable differences for differential hemocyte count, 
phagocytosis, and condition index data are lower than all the mean differences except the 
smallest mean difference for their respective data set. For total hemocyte data, the experiment 
would need to run again with 18 clams per group (total of 72 clams) to bring the effect size down 
to 0.4 while maintaining power at 0.80. At an effect size of 0.4, the minimum detectable 
difference for total hemocyte count data is lower than all but the smallest mean difference in the 
data set. 
The power of the one-way ANOVA for hemocyte viability was 0.78 with an effect size of 
1.0 (minimum detectable difference of 3%). Sample size would not need to be increased for this 
assay if the experiment was ran again. The power for the t-tests used to compare 30 hour and 41 
day clams was 0.80 with an effect size of 2.7. The minimum detectable difference for all the 
health parameters was greater than any of the mean differences seen their respective data set. For 
differential hemocyte count and phagocytosis data, the experiment would need to be run again 
with 17 clams in each group (34 clams total) in order to bring effect size down to 1.0 and keep 
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power around 0.80. This would bring the minimum detectable differences below the mean 
differences for differential hemocyte count and phagocytosis data. For total hemocyte count and 
condition index data, the experiment would need to be run again with 250 clams in each group 
(500 clams total) in order to bring effect size down to 0.25 and keep power around 0.80. At this 
effect size, minimum detectable differences for total hemocyte count and condition index data 
would be below the mean differences. 
5.4. Discussion 
All clams burrowed within an hour of being placed on the sediment. The acidified groups 
(10°C 6.0 pH and 20°C 6.1 pH group) had mean survival rates of 100% and 75%, respectively, 
but these were not statistically significant. Results showed that adult E. leei still find sediment 
habitable when the surface layer has been acidified to a pH 6.0 (more than a whole pH unit lower 
than the surface sediment at their collection site). A study on another razor clam species, 
Sinonovacula constricta (Lamarck, 1818), demonstrated that adult clams (5.3 ± 1.1 cm) can 
burrow in sediment within a 24-hour timeframe when exposed to acidified overlying water (pH 
7.4) although they reduce their burrowing depth by about 0.5 cm (157). These results are in 
contrast to a study by Clements et al. on M. arenaria juveniles in which only 10% of clams 
burrowed into sediment cores from their collection site when placed on surface sediments with a 
pH of 6.84 for 5 hours (109). Similarly, Rodriguez et al. found that less than 5% of R. 
philippinarum (3.92 ± 0.16 cm long) burrowed into sediments with a pH of 6.1 after 48 hours. 
Survival for clams in this treatment after 10 days was 0% (135). This suggests that wild adult E. 
leei can live in sediments that are too acidic for other clam species. The reason may be related to 
the large size of the clams (17.6 ± 0.9 cm long) because a previous study showed mortality by 
acidified sediment decreases as size increases with 0.2 mm, 0.4 mm, and 0.6 mm long M. 
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mercenaria (60). This size dependence of mortality in acidified sediment may be because the 
larger animals are more resilient to shell dissolution. This is likely because the type of calcium 
carbonate M. mercenaria uses for its shell switches from amorphous calcium carbonate to the 
less soluble aragonite when it reaches the later stages of larval development (134,158). The 
greater shell thickness of adult clams may also make them more resilient to sediment 
acidification than juveniles since more shell must be dissolved before the clam’s tissues are 
exposed to the surrounding environment (60). If the same applies for E. leei, then the shells of 
adults would be expected to be more resilient to dissolution than those of larvae or juveniles even 
though more shell surface area is exposed to surrounding sediment. 
 The total hemocyte counts of E. leei in the current study were not significantly impacted 
by temperature or pH (Figure 5.1.). There are currently no other studies available on how 
sediment acidification impacts bivalve immunity to allow for direct comparisons. However, 
studies are available on the impacts of overlying water acidification (usually referred to as ocean 
acidification) on bivalve immunity. The impact of ocean acidification on bivalve total and 
differential hemocyte counts appears to vary by species and exposure time. Short-term exposure 
experiments (3-7 days) to pH 7.3-7.5 seawater have resulted in decreased, unchanged, and 
increased THC in the Mediterranean mussel M. galloprovincialis Lamarck, 1819, Venus clam 
Chamelea gallina (Linnaeus, 1758), and pearl oyster P. fucata respectively (69,159). In medium-
term experiments, total hemocyte counts of the blood clam Tegillarca granosa (Linnaeus, 1758) 
decreased after 14-day exposure to acidified overlying seawater (pH 7.3) while total hemocyte 
counts of M. mercenaria and M. edulis were unaffected by a month-long exposure to seawater 
with pH values of 7.59 and 6.50 respectively (59,160–162). Results of the current study are in 
agreement with these latter 2 month-long studies while the short-term studies suggest the 
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possibility of E. leei THC being impacted by acidification at an earlier point in the 30-day study. 
If the THC of E. leei did change early in the study then it must have reverted by the time 
sampling occurred on day 30. Warming generally leads to higher total hemocyte counts in 
bivalves (41,104,126,163). However, there are exceptions to this generalization. Total hemocyte 
counts can decrease if the exposure to elevated temperature continues past four months (41) or 
the changes may become undetectable due to high variations of metabolism levels between 
individuals (129). The THC of the E. leei in the current work was not impacted by temperature 
within 30 days but may have increased if the experiment was run for longer. 
The two-way ANOVA for the differential hemocyte counts of E. leei in the current study 
returned a significant result for temperature and pH impacts, however the comparisons between 
each group returned a non-significant result (Figure 5.2.). This suggests there is no temperature 
or pH effect on differential hemocyte counts. Studies over a similar timeframe (32 days) found 
that the granulocyte proportions in the blue mussel (M. edulis) (59,164) also were unaffected by 
acidified seawater exposure (pH 6.5). Short term exposures to acidified water, however, seem to 
impact the differential hemocyte counts. The granulocyte proportion in M. unguiculatus 
Valenciennes, 1858 decreased after 72 hour exposure to acidified seawater (pH 7.3) (165). In P. 
fucata, a 72 hour exposure to pH 7.5 seawater caused an increase in the proportion of both large 
granulocytes and large hyalinocytes (69). As with the total hemocyte counts, this means it is 
possible the differential hemocyte counts of the E. leei in the current study changed early in the 
exposure period. Bibby et al. reported M. edulis can change their differential hemocyte counts 16 
days after being placed in aquaria set to ambient conditions (59). The clams in the current study 
may have changed their differential hemocyte counts at a similar time point to prepare 
themselves for any potential pathogens in their new environment. An increase in the percent 
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granulocytes would indicate an increase in immune capacity since E. leei granulocytes contain 
many more granules (filled with low-pH contents for eliminating microbes) than hyalinocytes do 
(156). The lack of a significant difference between the differential hemocyte counts of clams 
sampled at the 30-hour and 41-day time point suggest however that any change in granulocyte 
proportion earlier on the study would have only been temporary. 
 Hemocyte viability remained above 90% for all of the E. leei in the current study (Figure 
5.4.). The viability of M. edulis hemocytes (164) also was unaffected by acidified seawater 
exposure although the mortality rate of hemocytes in M. unguiculatus increased after 72 hour 
exposure to 7.3 pH seawater. It is still possible the viable hemocytes had damaged organelles (as 
found in M. edulis) since electron microscopy was not used (164). However, the damage was 
likely minimal since over 80% of the hemocytes in each of treatment groups phagocytosed V. 
anguillarum. 
 The proportion of phagocytic cells of E. leei found in the current study was unaffected by 
temperature or sediment acidification (Figure 5.3.). This is in contrast to the bivalve species that 
experience phagocytosis inhibition in response to short-term acidified seawater exposure (pH 7.1 
to 7.4) such as M. edulis (164), M. unguiculatus (165), P. fucata (69), and T. granosa (162). 
Phagocytic capacity in M. edulis did not, however, decrease when exposed for six months to pH 
7.65 seawater (166). Similarly, a 28-day exposure to acidified seawater (pH 7.55) did not impact 
phagocytic activity in the Pacific oyster C. gigas (167). Phagocytic activity of E. leei in the 
current study was measured only after 30 days of exposure to acidified sediments so it is possible 
their phagocytic activity decreased during the early days of the experimental period and then 
reverted back by the end of the experiment. Another possibility is that the hemocytes remain 
unaffected by the surface sediment acidification because they circulate through the entire body of 
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the clam, and thus spend little time in the acidified portion of the sediment column (top 3 cm). 
Temperature (10°C and 20°C) also had no impact on the E. leei hemocytes, even though the 
phagocytic activity of bivalves generally increases with temperature within their physiological 
range (41,104,126,127). The lack of a phagocytic activity increase due to warming in E. leei may 
be due to the high percent of phagocytic cells in the 10°C groups (at least 85%). This leaves little 
potential for increases in phagocytic rate. 
 The condition index of the E. leei in the current work was not significantly affected by 
temperature or pH (Figure 5.5.). The condition index of adult R. philippinarum, juvenile grooved 
carpet clams (R. decussatus (Linnaeus, 1758)), and adult common cockles (C. edule) were also 
found to be unaffected by medium term exposure to acidification (28-75 days in 7.30, 7.46, and 
7.75 pH overlying seawater respectively) although C. edule condition index decreased when the 
acidification was combined with a 3°C temperature increase (168–170). Even when food is 
limited, M. edulis condition index remain unaffected by a 6 month exposure period to pH 7.65 
seawater. An increase in temperature from 12°C to 16°C at ambient pH, however, lowered M. 
edulis condition index significantly (171). Another long-term study (105 days) showed condition 
index decreases in a linear fashion as temperature increases from 4- 25°C and 4-16°C for M. 
edulis and the ocean quahog (Arctica islandica (Linnaeus, 1767)) respectively (172). Results of 
the current study agree with most of the above condition index studies since acidification alone 
seems to have no effect on adult bivalve condition index regardless of whether the exposure 
period is medium or long term. The lack of change in condition index suggests that E. leei did 
not experience any major shell dissolution since this would have decreased the shell mass and 
thus changed the condition index. Temperature appears to decrease bivalve condition index as it 
increases within the physiological range of the species, but only when the exposure period is at 
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least 42 days (172). The exposure period for current study (30 days) may have been too short to 
reveal any condition index changes due to temperature.  
5.5. Conclusion 
The present study was the first to examine the effects of sediment acidification on the 
immune capacity of a bivalve species. During the 30-day exposure period, both pH and 
temperature had no effect on any of the parameters measured. There was also no interaction 
between pH and temperature for any of the measured parameters. Measuring the total number, 
type, and phagocytic activity of hemocytes from each clam insured that the lack of change in one 
of these parameters is not due to a difference in another. The lack of a difference in these 
parameters between clams sampled after being kept in the tanks for 41 days and clams sampled 
within 30 hours of being collected (all kept at ambient conditions) suggests the clams were still 
representative of the wild population at the end of the acidification trial (Figure 5.6.). These 
holding effect experiments however should be re-run to confirm this result since the t-tests all 
had minimum detectable differences that are higher than the observed mean differences. In the 2-
way ANOVAs used to test for acidification and temperature effects, only the total hemocyte data 
had a minimum detectable difference that was higher than any of the observed mean differences. 
Researchers interested in determining if there were treatment effects that went undetected for 
total hemocyte count data should repeat the experiment with 18 clams per group. If interest is 
restricted to the smaller mean differences in the differential hemocyte count, phagocytosis, and 
condition index data then only 8 clams are required per group.  
 Overall, these results indicate the internal immune capacity of adult E. leei are 
unaffected by 30-day exposure to acidified surface sediments (~6.0 pH). The results also suggest 
this is the case at both 20°C and 10°C, but the experiment should be run again with at least 8 
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clams per group to verify this since only one clam survived in the 20°C 6.8 pH group. Immune 
effectors responsible for stopping bacteria before they can enter the clam hemolymph (mucous 
on soft tissue and hemocytes in the extrapallial fluid) were not examined in this study and could 
therefore still be affected by acidification (19). It should also be noted the clams in this study 
were not food-limited so it is possible E. leei can only tolerate acidified conditions when food is 
abundant, which is the case for juvenile M. edulis (173). 
 Most sediment acidification studies performed to date show juvenile clams actively avoid 
acidified sediments, likely because it can have negative impacts on their survival. In addition, 
acidification of the overlying water has been shown to impact negatively the immune system of a 
variety of bivalve species. E. leei has the potential to be a species that is more resilient to 
sediment acidification than the other clams tested so far. That said, the vulnerability of clams to 
sediment acidification is likely not dependent on species alone. Temperature has already been 
shown to influence burrowing responses to sediment acidification (152). Even field tests on the 
same species have yielded very different results. Green et. al showed that M. arenaria are 
susceptible to dissolution in acidified sediments (aragonite values of 0.40) while Beal and Otto 
showed a survival rate of at least 56% is possible for juvenile M. arenaria (< 12 mm shell 
length) in sediments with pH 7.11 ± 0.21 (aragonite value of 0.33 ± 0.12) when the area is 
protected with anti-predator netting (138,174). This may be because clam calcification response 
to acidification can vary between populations (134).  
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Regardless, Beal and Otto have demonstrated that juvenile M. arenaria are capable of surviving 
in corrosive sediments and will choose to burrow in them if predators are present (174). The 
current study provides the first example of a clam that is resilient to extreme sediment surface 
acidification (pH 6.0, Ωar of 0.04). Survival and growth studies with juveniles are still needed 
however to insure this resilience is not limited to the adults. 
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CHAPTER 6 
 GENERAL DISCUSSION AND CONCLUSIONS 
 Concerns in Maine about nearshore sediment acidification began in 2009 when Green et 
al. (60) made clammers aware of the hazard with his study entitled “death by dissolution”. Since 
then, the issue has been brought to the attention of a wider audience through both scientific 
papers and news articles, all of which point out the decreasing number of productive mud flats 
(133). The problem is primarily being highlighted in Maine since it is home to a large clam 
fishery. Note that not all unproductive clam flats behave similarly due to acidified sediments 
since predation pressure can also cause a once productive clam flat to become barren (174,175). 
The increasing populations of the predatory green crab Carcinus maenas (Linnaeus, 1758) on the 
Maine coast over the last decade is particularly concerning. C. maenas populations are predicted 
to continue to increase as Maine waters warm and it becomes less likely the winters will be cold 
enough to reduce crab population sizes (176,177). Both predation and sediment acidification are 
likely to continue to reduce the number of productive clam flats, but this discussion will be 
focused on ways to address the acidification. Sediment acidification is likely to intensify and 
spread as the amount of nitrogen run off from land increases although there are no estimates for 
the rate of this intensification since it is site dependent (134).  
 Sediment acidification only recently started to be researched, although a variety of 
possible mitigation methods have already been suggested. Crushed shells can be deposited onto 
the acidified sediment, which may help bring the saturation state up as the shells dissolve. 
Crushed shells do not increase clam abundance however if predation pressure is high at the site 
(174). However care should be taken such that crushed shell addition to a mud flat does not 
contaminate sediment with pathogens. Another mitigation method is to reduce the outflow 
excess nitrogen into the waterways. This can be done at point sources (sewage treatment plants, 
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large finfish aquaculture operations) and non-point sources (private residence). The excess 
nitrogen from these sources allows for quick algae growth, which means the algae will all die off 
at relatively the same time. The CO2 that bacteria produce as they decompose the algae drives 
the pH of the surface sediment down (178). Planting kelp beds in these areas can help reduce the 
nitrogen levels since they take up nitrogen to grow and live much longer than algae does 
(179,180). The run off containing fertilizers adds to nitrogen excess, and can be reduced by 
educating the public on how fertilizer impacts the aquatic environment. The size at which species 
become resilient enough to plant in acidified sediments can be determined so growers know how 
long they must keep them in the hatchery before planting them on their lease site (134). This 
should be determined for multiple clam species since some species, such as the razor clam E. 
leei, may be more resilient to sediment acidification than others. 
 Climate change should also be considered in addition to sediment acidification. 
Interactive effects of increased temperature and acidified sediment on bivalves have yet to be 
studied since studies to date have focused on sediment acidification or temperature effects alone. 
Chapter 5 included both 10°C and 20°C treatments to examine the effects of temperature on E. 
leei health, which tested them in a climate change scenario since they do not currently experience 
temperatures around 20°C for a 30 day duration at the Beals collection site. Clams were given 10 
days to acclimate to the temperature as it was increased from 10 to 20°C (by 1°C per day), but 
future experiments should allow for about double this time to increase survival in the 20°C 
groups. Factoring in the effects of temperature will be essential to understanding how clams will 
tolerate sediment acidification in the field at temperatures predicted to occur in the Gulf of 
Maine by the end of the century. 
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 In addition to sediment acidification, clams must also deal with ocean acidification. This 
acidification of the overlying water usually has no impact on the adults since they tolerate even 
more acidic water within the sediments (55). The larvae of clams though seem to have their shell 
growth reduced by pH and carbon dioxide levels expected in the Gulf of Maine by end of the 
century. The hard clam M. mercenaria and Pacific razor clam S. patula both have their shell 
growth reduced (181,182). Hatcheries however can mitigate this problem by buffering the water 
in their tanks with sodium carbonate. This has been shown to be successful practice for oyster 
hatcheries on the west and east coast of the US (183). 
 The works in this dissertation should be helpful in mitigating sediment acidification 
impacts on clams. Studies done in this research area so far have primarily focused on clam 
survival and growth. While these certainly are the first parameters that should be measured, sub-
lethal effects will also need to be examined for size class of each species that can survive being 
planted out in acidified sediments. Chapter 4 gives researchers a way to naturally acidify 
sediments to aid researchers in designing experiments to investigate sub-lethal effects in addition 
to survival. The variability that comes with using bacteria to acidify the sediment, however 
means researchers will need to run a preliminary trial with sediment from their collection to test 
if acidification duration and intensity meets their needs for the experiment. Chapters 2 and 3 
provide the hemocyte classification and annual cycle in E. leei respectively, which can be used to 
plan further research immune capacity studies with E. leei. The January and August sample 
points in the annual cycle were attempted, but could not be obtained due to heavy snow and wind 
respectively. The sample points could not be reattempted at a different time in the month since 
the clams can only be collected when the tides are out at an extreme. Having these points would 
have made for a more complete view of the E. leei’s annual cycle, although the trends are still 
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discernible in the data that was collected. Lastly, chapter 5 shows E. leei has the potential to be 
planted out in the estuary earlier than other species if the juvenile forms are anywhere near 
resilient to acidification as the adults, which can tolerate 30 days of 6.0 pH surface sediment (as 
seen in Chapter 5). 
 The natural sediment acidification method and E. leei immune capacity assays were 
successfully developed and used to test the immune capacity of E. leei. The seasonality of these 
parameters was determined and the resilience of adult E. leei to sediment surface acidification 
was established through a laboratory study. These all represent novel research accomplishments 
since the immune system of E. leei has never been studied, a natural acidification method has 
never been published, and the effects of sediment acidification on bivalve immunity have never 
been studied. The next step in this line of work would be to test if juvenile E. leei survival rates, 
growth rates, and immune capacity are impacted by sediment acidification. Additional or 
modified health assays would have to be developed since only a limited amount of hemolymph 
can be drawn out of each juvenile clam. If juvenile E. leei are shown to be tolerant of acidified 
surface sediment (pH ~6.0), this would make it possible for growers to raise clams in acidified 
sediment flats. 
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